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This past spring, during Digestive Disease Week,
The Society for Surgery of the Alimentary Tract
(SSAT) hosted a consensus conference on benign
anorectal disease in collaboration with the Society of
American Gastrointestinal Endoscopic Surgeons
(SAGES) and the American Society for Gastrointes-
tinal Endoscopy (ASGE).

 

The consensus panel included six invited speakers:
Robin S. McCleod, M.D., University of Toronto;
Robin Phillips, M.D., St. Mark’s Hospital, London;
Richard L. Nelson, M.D., University of Illinois; John
F. Johansen, M.D, Rockford, Illinois; Anthony J.
Senagore, M.D., The Cleveland Clinic; and James
Fleschman, M.D., Washington University; two dis-
cussants: Walter Koltun, M.D., Hershey, Pennsylva-
nia; and Herand Abcarian, M.D., University of Illinois
(Chicago); and members of the SSAT education and
research committee: W. Scott Helton, M.D., Wiley
Souba, M.D., Aron Fink, M.D., and Carlos Fernan-
dez del-Castillo. During the first half of the confer-
ence, the invited speakers were asked to review the
published literature and objectively evaluate evidence
in favor of, or against, a given approach to manage-

ment of chronic anal fissure. Specifically, the speakers
were asked to address the following questions: (1)
what is the optimal nonsurgical management for anal
fissure; (2) what is the optimal surgical management
for anal fissure; and (3) when is medical therapy inap-
propriate or ill advised for anal fissure? During the
second half of the conference, the invited speakers
were asked to present the medical evidence in favor of,
or against, a given approach to the management of
symptomatic internal hemorrhoids. Specifically, the
speakers were asked to address the following ques-
tions: (1) what, if any, nonsurgical therapy is most effi-
cacious and durable; (2) when is medical therapy inap-
propriate or ill advised; (3) what is the optimal timing
and type of surgical therapy; and (4) what data exist on
the safety, efficacy, and cost of using advanced tech-
nology to treat hemorrhoids? Finally, all speakers and
panelists discussed what clinical trials should be con-
ducted to answer the preceding questions? The final
consensus statement was based on the evidence pre-
sented by the speakers and after a thorough discussion
by the discussants, members of the audience, and the
SSAT research committee.
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Symptomatic Care and Nitroglycerin in the 
Management of Anal Fissure

 

Robin S. McLeod, M.D, Justin Evans, M.D.

 

Fissure in ano is a common condition seen by pri-
mary care physicians and surgeons. Although the
pathogenesis of anal fissure remains incompletely un-
derstood, current hypotheses suggest that an anal fis-
sure is an ischemic ulcer caused by the combination of
spasm in the internal anal sphincter and relative is-
chemia in the posterior midline of the anal canal. Ana-
tomic and postmortem angiographic studies have
shown that blood vessels supplying the anal mucosa
pass through the muscle of the internal anal sphincter.
In the setting of a hypertonic sphincter, the blood
flow to the anoderm is impaired, particularly in the
posterior midline where there is a paucity of blood

 

vessels.

 

1–3

 

 Furthermore, an inverse correlation be-
tween anal tone and blood flow to the anoderm has
been observed by Schouten et al.

 

4

 

 Manometric studies
have shown that fissures occur in patients with high
resting anal pressures and ultraslow pressure wave ac-
tivity in the internal anal sphincter. It is unclear
whether spasm is a response to severe pain or if it has a
pathogenic role in fissure formation.

The optimal treatment for chronic anal fissure has
been to decrease the anal canal resting pressure by
surgically dividing the internal sphincter to allow
healing of the fissure. Recently there has been inter-
est in pharmacologic agents that cause smooth mus-
cle relaxation. These agents have the advantage of
not causing permanent disruption of the normal
sphincter function. Nitric oxide is the principal neu-
rotransmitter mediating neurogenic relaxation of the
internal anal sphincter. Glyceryl trinitrate (GTN)
acts as a nitric oxide donor and is available as an oint-
ment for topical administration. Topical GTN dif-
fuses across the cutaneous barrier, causes a reduction
in internal anal sphincter pressure, and improves an-
odermal blood flow. This is believed to be the mech-
anism by which GTN aids fissure healing. Studies
have shown that GTN effectively reduces mean rest-

 

ing anal pressure.

 

5–7

 

A total of nine randomized controlled trials have
studied the efficacy of GTN in chronic anal fissure:

 

five comparing GTN to placebo; one comparing GTN
with botulinum toxin; and three comparing GTN
with lateral internal sphincterotomy

 

5,6,8–14

 

 (Table 1).
In four out of five trials, GTN was significantly more
effective than placebo in healing fissures.

 

5,6,8,9,11

 

 The
healing rates in the GTN group varied from 46% to
70%, and healing rates in the placebo group ranged
from 8% to 51%. All studies used 0.2% GTN, except
for the trial conducted by Carapeti et al.,

 

11

 

 which
tested escalating doses of GTN and found that 0.2%
was as effective as 0.6%. It is not apparent why one
study did not show a healing advantage for GTN over
placebo, but it may have been due to the high rate of
healing in the placebo group (51%).

 

8

 

 In each of these
trials, follow-up was short (1 month to 10 weeks).
However, two trials have subsequently reported re-
sults of long-term follow-up, with symptomatic recur-
rence rates ranging from 27% to 62%.

 

5,15

 

Three trials compared 0.2% to 0.5% GTN to lat-
eral sphincterotomy

 

12,13,16

 

 (Table 2). Sphincterotomy
was clearly superior in two of these trials. In the
third study there was pseudorandomization of pa-
tients. In all three studies there was an unblinded
outcome assessment. In each of these trials healing
rates with GTN were much lower than in the other
trials, with 39% to 45% eventually having to un-
dergo surgery. Follow-up ranged from 4 weeks to 6
months.

Differences in reported healing rates may relate to
the difficulty in administering a standardized dose to
all patients. Most published studies of topical GTN
have used 0.2% to 0.3% preparations, although con-
centrations of up to 2% have been reported.

 

7

 

 Be-
cause GTN is an unstable compound, some critics
claim that not all patients are using active prepara-
tions. However, given the frequency of side effects,
this is an unlikely explanation. Dosing instructions
may include vague descriptions such as apply a “pea-
sized” drop of ointment to the perianal skin or anal
canal. Dosing frequencies vary from two to three
times a day, and durations vary from 4 to 8 weeks.
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Healing rates may well be affected by alteration of
any of these dosing variables.

The main concern with GTN is that a significant
proportion of patients experience adverse effects.
Headaches have been reported in 29% to 72%.

 

5,11

 

Lund et al.

 

17

 

observed headaches after application of
0.4% but not 0.2% GTN ointment to the anoderm
of healthy volunteers. Most headaches were tran-
sient after application of GTN and were controlled
with oral analgesics. Only 3% to 20% of patients
discontinued treatment because of headaches.

 

5,6,12

 

Because healing rates are not improved with higher
doses, and side effects become more common with
escalating doses, the optimal concentration is prob-
ably 0.2%.

Tachyphylaxis is clinically relevant when cardio-
vascular disease is managed with nitrate therapy.
Apart from one small study, there is no clinical evi-
dence that an escalating dosage regimen is necessary
when GTN is used to treat anal fissure.

 

18

 

 Patients
with a history of orthostatic hypotension, intolerance
to nitrates, and ischemic heart disease have been ex-
cluded from most trials of GTN therapy and are
probably best managed with an alternative therapy.

From these trials it seems that GTN is effective in
healing one-third to two-thirds of patients with chronic
anal fissure. With long-term follow-up, symptoms may
recur in 38% to 60% of patients whose fissures were
healed initially.

 

5,12

 

 Therefore one strategy may be to

 

treat patients initially with GTN, and thus avoid sur-
gery in approximately 30%. However, Richard et al.

 

13

 

reported that at 6 weeks 86.8% of patients random-
ized to surgery were satisfied with their treatment,
whereas only 46.3% of those randomized to GTN
were satisfied. Nonrandomized studies have also shown
increased side effects and reduced healing rates with
GTN therapy.

 

19

 

Alternative nitrates such as isosorbide dinitrate have
been investigated, and healing rates of 80% to 90%
have been observed in nonrandomized studies.

 

20,21

 

Mild transient headaches were reported in 17% to
100% of patients, although only one patient in the
study by Lysy et al.

 

20

 

 stopped treatment for this reason.
Further investigation of these agents is required.

 

WHAT IS THE ROLE OF
GLYCERYL TRINITRATE?

 

GTN is a useful first-line pharmacotherapy, al-
though patients must be carefully instructed as to the
appropriate use of this drug. It is labor intensive for
both patients and physicians. Healing rates of 60%
and recurrence rates of approximately 35% are an
indication that for many patients GTN will, at best,
be only a temporizing measure, and up to 50% will
eventually require surgery. Other smooth muscle re-
laxants may be useful (for example, diltiazem) with

 

Table 1.

 

 Randomized trials of glyceryl trinitrate (0.2%) vs. placebo for chronic anal fissures

 

Reference
No. of

patients
Treatment 
alternative

Duration of 
therapy Follow-up

Healing (%) Headache (%)

GTN Placebo GTN Placebo

 

Altomare et al.

 

8

 

119 Placebo 4 wk 2 mo 49.2 51.7 33.8 7.8
Lund and Scholefield

 

6

 

77 Placebo 8 wk 8 wk 68 8 57.8 17.9
Carapeti et al.

 

11

 

68 1. Escalating dose 
of GTN
(0.2% to 0.6%)

8 wk 10 wk (0.2%) 65 32 72 27

2. Placebo (0.6%) 70
Kennedy et al.

 

5

 

43 Placebo 4 wk 4 wk 46 16 29 21
Bacher et al.

 

9

 

35 Lignocaine gel 1 mo 1 mo 80 40 20 0

 

Table 2.

 

 Glyceryl trinitrate (0.2–0.5%) vs. surgical internal sphincterotomy for chronic anal fissure

 

Reference
No. of

patients
Treatment
alternative

Duration of
therapy Follow-up

Healing Side effects

GTN IS GTN IS

 

Richard et al.

 

13

 

72 IS 6 wk 6 wk 29.5 89.5 84 28
6 mo 27.2 92.1

Evans et al.

 

16

 

60 IS 8 wk 8 wk 60.6 97 NR 14
Oettle

 

12

 

24 IS 4 wk 4 wk 83.3 100 NR NR

 

IS 

 

�

 

 internal sphincterotomy; NR 

 

�

 

 not reported.
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their improved side effect profiles, but more infor-
mation is required before they can be advocated.
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Pharmacologic Treatment of Anal Fissure With 
Botoxin, Diltiazem, or Bethanechol

 

Robin Phillips, M.S., F.R.C.S.

 

Not all ulcers in the anal canal are idiopathic fis-
sures. But for those patients who do have an idio-
pathic anal fissure, the etiology is considered to be a
post-traumatic ischemic ulcer.

 

1

 

 Some event, for ex-
ample, passing a hard stool bolus, traumatizes the
anal lining and causes pain. This is associated with a
raised resting anal pressure associated with hyperto-
nia of the internal anal sphincter, which in turn leads
to poor vascular perfusion of the initially traumatic
ulcer, leading to indolence and failure to heal. The
predilection for idiopathic anal fissures to be situated
in the posterior midline may simply reflect a vascular
perfusion deficiency in this area, making it more sus-
ceptible to ischemia.

 

2

 

 Classic treatment involves stool
softeners and time, and with this approximately 30%
of acute fissures will heal. However, some fissures
become chronic.

 

WHAT IS A CHRONIC FISSURE?

 

There is no real agreement as to what constitutes
a chronic anal fissure. Some have argued that it is a
fissure that has persisted for at least 2 months. Oth-
ers have used pathologic/anatomic signs as markers
of chronicity, including exposure of fibers of the in-
ternal anal sphincter in the base and the local ap-
pearance of undermined edges. Lock and Thomson

 

3

 

examined the results of treatment of 188 consecutive
new patients initially seen at St. Mark’s Hospital in
1972 (when conservative treatment consisted of local
anesthetic and an anal dilator). Where a fibrous anal
polyp was present (31 patients), surgery was neces-
sary in 84%; where a fibrous anal polyp was absent
(157 patients), sphincterotomy was performed in only

 

48% (

 

P

 

 

 

�

 

 0.001). Similarly, of the 73 patients with
an anal skin tag, 73% needed an operation, whereas
of the 115 patients without an anal skin tag, only
43% underwent sphincterotomy (

 

P

 

 

 

�

 

 0.001). Thus a
chronic anal fissure can also be defined as one having

a fibroepithelial anal canal polyp or an associated
skin tag. The reported results of nonoperative treat-
ments will be markedly affected by which classifica-
tion of chronicity is used.

 

SPHINCTEROTOMY AND WHY
ALTERNATIVES ARE BEING DEVELOPED

 

The standard and very effective surgical treatments
for anal fissure have for a long time been varieties of
anal sphincterotomy, initially dorsal, then lateral, and
then in some surgeons’ practices, techniques of par-
tial, bilateral sphincterotomy. The driving force for all
of these changes was persistent reports of usually mi-
nor degrees of fecal incontinence. These were initially
thought to be due to a gutter defect, when dorsal
sphincterotomy was performed, and then, with unilat-
eral full sphincterotomy, they were thought to be due
to the fact that all of the internal sphincter was di-
vided, which led to bilateral partial sphincterotomy.
Current opinion supports full-thickness, partial, lat-
eral sphincterotomy tailored to match the length of
the fissure rather than a procedure designed to divide
the whole of the internal sphincter.

 

4

 

 Operative text-
books did, in the past, advocate division of the full
length of the internal anal sphincter, and even those
surgeons who tried not to do this may have been un-
aware of quite how short the internal anal sphincter
usually is in women. Coupled with the high incidence
of occult anal sphincter damage from vaginal delivery
in women, lateral anal sphincterotomy can at times
produce quite significant fecal incontinence. Khub-
chandani and Reed

 

5

 

 discussed the results of 1355 pa-
tients who underwent sphincterotomy and found that
35% had flatus incontinence and 5% had accidental
bowel movements. Some might consider this rate of
incontinence to be rather high; perhaps a 5% risk of
any sort of incontinence might be more generally ac-
cepted by most surgeons.
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As a consequence of this, it is now considered
mandatory in some countries, including the United
Kingdom, that patients be warned, at the time that
consent is obtained for surgery, that there is a small
but definite risk of flatus incontinence. In women
with a complicated obstetric history, anal endosonog-
raphy would seem a wise precaution before lateral
anal sphincterotomy is performed.

 

DEVELOPMENT OF
CHEMICAL SPHINCTEROTOMY

 

The neurotransmitter in the internal anal sphinc-
ter leading to relaxation is nitric oxide,

 

6

 

 and nitric
oxide donors cause reversible chemical sphincterot-
omy when applied to the anal margin of volunteers
and patients with fissure.

 

7

 

 Glyceryl trinitrate (0.2%)
(GTN), applied to the anal margin,

 

8

 

 is the most
commonly employed agent. The rate of healing and
side effects with GTN therapy for chronic anal fis-
sure are discussed by Dr. Robin McLeod elsewhere
in this issue.

 

ALTERNATIVE AGENTS
Botulinum Toxin

 

An alternative treatment has been the injection of
botulinum toxin, which prevents the release of ace-
tylcholine by presynaptic nerve terminals, in a dos-
age of 20 units of botulinum toxin A in two injec-
tions totaling 0.4 ml.

 

9

 

 An earlier study using 15 units
was shown to be less effective.

 

10

 

 No sedation or local
anesthesia has been necessary, and a 27-gauge needle
has been used to inject the substance into the inter-
nal anal sphincter. Paralysis occurs within a few
hours and lasts clinically for 3 or 4 months.

In a later randomized comparison between botuli-
num toxin (20 units) and nitroglycerin ointment
(0.2% twice daily) in 50 patients, botulinum toxin
was significantly more effective, healing 96% of the
patients at 2 months vs. 60% healing with nitroglyc-
erin ointment (

 

P

 

 

 

�

 

 0.005).

 

11

 

 But fissures tend to re-
cur with time, and up to 10% of patients develop an-
tibodies to botulinum toxin A,

 

12

 

 particularly after
repeated large injections, so the inherent repeatabil-
ity and worry regarding using “one of the deadliest
poisons known” will still make ointments attractive
to doctors and patients alike.

 

Diltiazem and Bethanechol

 

The internal anal sphincter has a calcium-depen-
dent mechanism and an extrinsic cholinergic inner-

vation, both of which can be exploited to reduce
resting anal pressure. Oral calcium channel blockers
do work and reduce resting anal pressure, but the
dosage required (60 mg) is approximately seven to
eight times what is needed when the agent is applied
topically (8 mg), which means topical treatment is
much more likely to be free of any systemic side ef-
fects.

 

13

 

The optimum dose of diltiazem gel is 2%, which
has a maximal effect of 28% pressure reduction in
the resting anal pressure, with the effect lasting from
3 to 5 hours. The optimal dose of bethanechol is
0.1%, producing a 24% pressure decrease. Ten of 15
fissures healed with 2% diltiazem gel and 9 of 15
with 0.1% bethanechol in open studies. No side ef-
fects were reported. The two treatments may be ad-
ditive.

 

14

 

QUESTIONS POSED

 

1. What is the optimal nonsurgical management
for anal fissure? The answer is, botulinum;
however, it is not conveniently available at the
moment in a prepackaged Metred syringe, and
there are questions with regard to repeatabil-
ity. Of the creams, the side effect profile of dil-
tiazem makes it the best choice.

2. What is the optimum surgical management for
anal fissure? That depends on whether the anal
fissure is the standard “high-pressure” anal fis-
sure or one of the rarer “low-pressure” variet-
ies. In the case of the former, the optimum sur-
gical procedure is lateral anal sphincterotomy,
the length of the sphincterotomy being tai-
lored to the length of the fissure. However, for
low-pressure anal fissures in women, an anal
ultrasound examination should be performed,
as some anterior low-pressure fissures can be a
sign of an occult anterior sphincter injury, for
which the treatment would be anterior sphinc-
ter repair.

 

15

 

 If the anal ultrasound examination
is normal, then some form of island flap opera-
tion should be attempted.

3. When is medical therapy inappropriate or ill
advised for an anal fissure? In general, when an
anal skin tag or a fibroepithelial anal canal
polyp is present. In these circumstances, sur-
gery is more likely to be effective in the long
term. But patients will still need to be in-
formed of the risk of flatus incontinence, and
some so advised will opt for medical therapy.
Otherwise, when there is a suggestion of an in-
tersphincteric abscess opening into the base of
the fissure, sphincterotomy should not be done.
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Such an abscess can usually be palpated as a
pea-sized swelling within the area of the fis-
sure. This abscess should be treated by incision
and drainage.
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A Review of Operative Procedures for Anal Fissure

 

Richard L. Nelson, M.D., F.A.C.S.

 

Operative techniques commonly used for anal fis-
sure include anal stretch, open lateral sphincterotomy,

 

closed lateral sphincterotomy, posterior midline sphinc-
terotomy and, to a lesser extent, dermal flap coverage
of the fissure. Reports of direct comparisons among
these techniques are variable in their results and for
the most part underpowered. Morbidity from these
procedures, principally incontinence, was once
thought to be extremely rare

 

1

 

 but in recent reports has
been found to be substantial,

 

2

 

 further emphasizing the
importance of making the correct operative choice.
An analysis of the combined reports was therefore un-
dertaken to determine whether a preferred technique
for fissure surgery can be elucidated.

 

METHODS

 

Studies in which participants were randomized to
one of two operative procedures are the primary focus
of this review. Results of nonrandomized studies will
also be reported, although they will be analyzed sepa-
rately from the randomized studies. The subjects of
this review are patients with chronic anal fissures. It is
common practice among surgeons reporting this dis-
ease not to operate on acute fissures or fissures in chil-
dren, or any atypical fissure (multiple, irregular, off
the midline, or not associated with sphincter spasm).
This series of restrictions has been specified in some
but not all reports. The specific operative procedures
included are anal stretch, open lateral internal sphinc-
terotomy, closed lateral internal sphincterotomy, pos-
terior midline sphincterotomy, and dermal flap cover-
age of the fissure. These procedures will be compared
as follows: (1) anal stretch vs. sphincterotomy; (2)
open vs. closed lateral sphincterotomy; and (3) poste-
rior midline vs. lateral internal sphincterotomy. In the
case of anal stretch vs. sphincterotomy, several differ-
ent types of sphincterotomies were employed in vari-
ous reports (i.e., open, closed, posterior). These were
combined into a single sphincterotomy group in this
first comparison. The two most significant end points
are persistence of the fissure (which is used synony-

mously with persistence of anal pain, the measure of
efficacy) and postoperative minor incontinence (the
most commonly reported morbidity resulting from
operations for anal fissure, also used synonymously
with incontinence to flatus).

 

SEARCH STRATEGY FOR
IDENTIFICATION OF STUDIES

 

The National Library of Medicine online PubMed
search engine (www.nlm.nih.gov) was used to locate
all published reports using the key words: “surgery,
anal fissure.” English language was not a restriction in
the search. Additional search terms included “anal
sphincterotomy,” “anal fissure therapy,” and “fissure
therapy.” The list of cited references in all included
reports also was helpful in finding additional compar-
ative studies, as was the Cochrane Library. All reports
in which there was a direct comparison between at
least two operative techniques were reviewed and
when more than one report existed for any given pair,
that report was included in the meta-analysis. If crude
data were not presented in the report, the authors
were contacted and crude data obtained. Crude data
(number of patients experiencing each end point by
procedure) were subjected to chi-square analysis from
which the number of patients in each report, the con-
fidence intervals, and the standard errors were ob-
tained. MetaView software (www.cochrane.org) was
used to evaluate the randomized studies only. In addi-
tion, both randomized and nonrandomized studies
were employed in a meta-analysis in which the Man-
tel-Haenszel technique (EpiInfo6.04; www.cdc.gov)
was used to compare results between the two types of
studies. To assess homogeneity, MetaView was used
in addition to the Mantel-Haenszel technique.

 

3

 

RESULTS

 

Nineteen publications fulfilled the criteria of the
study encompassing 3083 patients. The terminology
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used to describe end points varied from one report to
another. Some were used synonymously in this re-
view, such as fissure recurrence, fissure persistence,
and need to reoperate on a patient with fissure. Also,
incontinence was stratified in most reports from soil-
ing, to incontinence to flatus, to incontinence to solid
stool, whereas other reports just discussed minor in-
continence, which is used synonymously with inconti-
nence to flatus in this review. Duration of postopera-
tive pain and time to healing were rarely reported.
Ten of the reports prospectively randomized patients
according to operative technique. However, one of
these reports was reclassified as a retrospective report,
since surgeons were described as routinely being al-
lowed to change the procedure based on the operative
findings.

 

4

 

 The number of times this occurred in that
report was not mentioned in the text.

A total of 11 reports compared anal stretch to in-
ternal sphincterotomy; five of these studies were

 

retrospective and six were randomized. Incidence
rates for persistence varied widely among reports
from 5% to 30% in the anal stretch group and 3%
to 29% in the internal sphincterotomy group (Table
1). Similarly, the rate of incontinence varied from
0% to 27% in the anal stretch group and from 0%
to 20% in the sphincterotomy group (Table 2). There
were seven reports comparing open and closed lat-
eral internal sphincterotomies. Two of these were
randomized studies and five were retrospective re-
views (Tables 3 and 4). The rate of persistence in
those reports comparing open and closed sphinc-
terotomies varied from 0% to 9%, although inconti-
nence in these reports varied from 1% to 30% (see
Tables 3 and 4). There were four reports of retro-
spective reviews that provided data comparing pos-
terior midline sphincterotomy to lateral sphinctero-
tomy (Table 5) and one randomized report of this
comparison.

 

10

Fig. 1. MetaView box and whisker plot of a meta-analysis of randomized studies comparing anal stretch
(treatment 1) to some form of internal sphincterotomy (treatment 2) and assessing fissure persistence or
recurrence. This plot excludes two reports that had significant methodologic flaws.

Fig. 2. MetaView box and whisker plot of a meta-analysis of randomized studies comparing anal stretch
(treatment 1) to some form of internal sphincterotomy (treatment 2) and assessing minor incontinence
after surgery. This plot excludes two reports that had significant methodologic flaws.
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METHODOLOGIC QUALITY
OF INCLUDED STUDIES
Study Design

 

The principal quality grading in this review was
separation of reports in which patients were random-
ized by operative technique vs. those reports that
were retrospective reviews of experiences with two
or more techniques. Separate analyses were carried
out on the basis of study design, and the consistency
of results was evaluated.

 

Randomization

 

Of the eight studies classified as randomized con-
trolled trials, the technique of randomization was de-
scribed in six: two by hospital registration number
(even or odd),

 

7,10

 

 three by pulling classification cards
once it was determined that surgery was necessary,

 

6,15,16

 

and one by means of a random number table.

 

9

 

Blinding

 

Only two studies report that physicians examining
patients for recurrences or complications were blinded
to patients’ operative classifications.

 

6,9

 

Completeness of follow-up is an additional qual-
ity measure. The dropout rate in which no follow-
up occurred was determined. In addition, whenever
possible, the likelihood that a significant number of
randomized patients had not been followed long
enough to reach the date at which end-point deter-
mination was to have occurred, according to the
Methods section of that report, was also deter-
mined.

Six randomized studies compared the efficacy of
anal stretch to some form of internal sphincterot-
omy, comprising 385 subjects.

 

5–10

 

 Significant hetero-
geneity was detected in the analysis of efficacy with
the MetaView software (

 

P

 

 

 

�

 

 0.032). When two stud-
ies were deleted from the MetaView analysis (for

 

Table 1.

 

 Anal stretch vs. sphincterotomy

 

Reference
Anal stretch

persistence risk
Sphincterotomy
persistence risk

Anal stretch
incontinence risk

Sphincterotomy
incontinence risk

 

Randomized studies
Jensen et al.

 

5

 

 (n 

 

�

 

 58) 0.27 0.04 0.27 0.00
Marby et al.

 

6

 

 (n 

 

�

 

 86) 0.10 0.29 0.00 0.00
Weaver et al.

 

7

 

 (n 

 

�

 

 98) 0.05 0.05 0.00 0.03
Olsen et al.

 

8

 

 (n 

 

�

 

 20) 0.30 0.10 0.20 0.20
Fischer et al.

 

9 

 

(n

 

 

 

�

 

 66) 0.09 0.03 0.18 0.00
Saad and Omer

 

10

 

 (n 

 

�

 

 57) 0.08 0.05 0.24 0.05
Retrospective studies

Giebel and Horch

 

11

 

 (n 

 

�

 

 238) 0.2 0.13 0.00 0.03
Collopy and Ryan

 

12

 

 (n 

 

�

 

 160) 0.30 0.15 0.24 0.15
Bekheit

 

13

 

 (n 

 

�

 

 65) 0.28 0.18 0.25 0.10
Hawley

 

4

 

 (n 

 

�

 

 74) 0.28 0.04 0.00 0.04
Hoffmann and Goligher

 

14

 

 (n 

 

�

 

 316) 0.16 0.05 0.13 0.06

 

Either midline or lateral sphincterotomy; some open, some closed.

 

Table 2.

 

 Open vs. closed sphincterotomy

 

Reference
Open LIS 

persistence risk
Closed LIS

persistence risk
Open LIS

incontinence risk
Closed LIS

incontinence risk

 

Randomized studies
Kortbeek et al.

 

15

 

 (n 

 

�

 

 112) 0.06 0.03 0.14 0.21
Boulos and Araujo

 

16

 

 (n 

 

�

 

 28) 0.00 0.00 0.07 0.09
Retrospective studies

Pernikoff et al.

 

17

 

 (n 

 

�

 

 312) 0.02 0.01 0.05 0.05
Garcia-Aguilar et al.

 

2

 

 (n 

 

�

 

 549) 0.05 0.64 0.30 0.24
Ektov et al.

 

18

 

 (n 

 

�

 

 154) 0.01 0.09 0.01 0.06
Lewis et al.

 

19

 

 (n 

 

�

 

 350) 0.08 0.05 0.06 0.07

 

CS 

 

�

 

 closed sphincterotomy; LIS 

 

�

 

 lateral internal anal sphincterotomy; OS 

 

�

 

 open sphincterotomy.
For studies with zero numerators in some cells, the relative risks (RR), standard errors (SE), and 95% confidence intervals (CI) listed are esti-
mates of the lower limit (RR, CI) and upper limit (SE).
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reasons discussed below

 

6,7

 

), the heterogeneity disap-
peared (

 

P

 

 

 

�

 

 0.38), and the overall effect for efficacy
became significant, favoring sphincterotomy (odds
ratio 

 

�

 

 3.08; 95% confidence interval [CI] 

 

�

 

 1.26 to
7.54). All of these reports also looked at minor or fla-
tus incontinence as a complication of each proce-
dure. The Peto odds ratio was 4.22 and the 95% CI
was 1.89 to 9.41) in favor of sphincterotomy. No
heterogeneity was detected in the analysis of minor
incontinence (

 

P

 

 

 

�

 

 0.1) with or without the above-
mentioned two studies.

Two randomized studies compared open partial
lateral internal sphincterotomy to closed or subcuta-
neous partial lateral internal sphincterotomy

 

15,16

 

 in a
total of 140 subjects. The same two end points were
assessed: persistence of the fissure and partial or fla-
tus incontinence. The Peto odds ratio for persistence
of fissure was 1.63 and the 95% CI was 0.27 to 9.74
(favoring open sphincterotomy), and for flatus in-
continence the odds ratio was 0.77 and the CI was
0.25 to 2.31 (favoring closed sphincterotomy).

One more report randomized patients to either
sphincterotomy or dermal flap coverage of the anal
fissure.

 

20

 

 Three strata of outcome were reported
from dissatisfied to satisfied to excellent. The out-

come was generally better in the flap group (al-
though not significantly so (

 

P

 

 

 

�

 

 0.23 by chi-square
analysis). However, the only recurrences developed
in the flap group, in 3 of 20 patients. Incontinence
was not seen in either group.

The nonrandomized studies included many more
patients, but except for selection bias the ascer-
tainment of end points was almost always retrospec-
tive. Nevertheless, the combined overall results of
those reports (see Table 4) are quite similar to the
findings in the randomized studies: a slight favoring
of sphincterotomy over anal stretch and very little dif-
ference in results of open vs. closed sphincterotomy.
Posterior internal sphincterotomy is more likely to
result in persistence (not statistically significant) and
incontinence to flatus than lateral internal sphinc-
terotomy (see Table 4).

Homogeneity was found not to be present in
three instances (see Table 5): the first in randomized
trials is described earlier in this report; the second
instance is found in retrospective studies of inconti-
nence risk after open vs. closed sphincterotomy (see
Table 2); and the third instance is found in the retro-
spective comparison of posterior and lateral sphinc-
terotomy (see Table 3). The source of this heteroge-

 

Table 3.

 

 Posterior midline vs. lateral internal sphincterotomy: Retrospective studies

 

Reference
PMS

persistence risk
LIS

persistence risk
PMS

incontinence risk
LIS 

incontinence risk

 

Hawley

 

4

 

 (n 

 

�

 

 56) 0.06 0.00 0.06 0.00
Bekheit

 

13

 

 (n 

 

�

 

 40) 0.25 0.10 0.00 0.20
Abcarian

 

1

 

 (n 

 

�

 

 300) 0.02 0.02 0.05 0.00
Hoffman and Goligher

 

1

 

 (n 

 

�

 

 226) 0.07 0.03 0.19 0.06

 

LIS 

 

�

 

 lateral internal anal sphincterotomy; PMS 

 

�

 

 posterior midline sphincterotomy.
For studies with zero numerators in some cells, the relative risks (RR), standard errors (SE), and 95% confidence intervals (CI) listed are esti-
mates of the lower limit (RR, CI) and upper limit (SE).

 

Table 4. 

 

Surgery for fissure in ano: Summary statistics

 

Study design RR persistence 95% CI RR incontinence 95% CI

 

Anal stretch vs. sphincterotomy 2.15* 1.52–3.04 1.60* 1.01–2.54
Retrospetive studies 5 studies 5 studies

Open vs. closed LIS 0.94 0.55–1.58 1.16 0.90–1.51
Retrospective studies 4 studies 4 studies

PMS vs. LIS 2.12 0.93–4.73 2.94* 1.38–5.54
Retrospective studies 4 studies 4 studies

 

LIS 

 

�

 

 lateral internal anal sphincterotomy; PMS 

 

�

 

 posterior midline sphincterotomy.
Sphincterotomies in various reports were either midline or lateral; some were open, some were closed. For studies with zero numerators in some
cells, the relative risks (RR), standard errors (SE), and 95% confidence intervals (CI) listed are estimates of the lower limit (RR, CI) and upper
limit (SE). Meta-analysis of comparative literature encompassed paired studies of four surgical techniques; retrospective studies measured two
end points: persistence of the fissure and flatus incontinence.
*

 

P

 

 

 

�

 

 0.05.
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neity is readily apparent when individual studies are
examined. One report describes a risk of minor in-
continence (30% and 24%) after either open or
closed sphincterotomy that greatly exceeds risk in
other reports. These data were obtained from a
mailed questionnaire in a large population.

 

2

 

 It can-
not be determined whether in this report the high
rate was due to the method of ascertainment or the
operative technique of sphincterotomy. The catego-
rization of self-reporting of functional symptoms af-
ter an operation as a surgical complication (as was
done in the study by Garcia-Aguilar et al.

 

2

 

) is a tech-
nique that requires validation.

Saad and Omer

 

10

 

 assessed three procedures in a
randomized trial (two posterior and one lateral sphinc-
terotomy) involving 41 subjects. This was the only
study to randomize these two procedures, and the re-
sults demonstrated little difference between these two
procedures with regard to both efficacy (no recurrence
with posterior and one with lateral sphincterotomy)
and incontinence (two with incontinence after poste-
rior and one after lateral sphincterotomy). The results
of the nonrandomized studies of this comparison dem-
onstrate a higher risk of incontinence to flatus with
posterior sphincterotomy and can be seen in Table 3.

 

DISCUSSION

 

Among the randomized studies, heterogeneity is
detected. The study by Marby et al.

 

6

 

 is responsible
for this, since removal of it from the meta-analysis
eliminates the heterogeneity. Its results related to
persistence or recurrence are clearly different from
other reports. Scrutiny of this report reveals several
problems. First is the dropout rate of 24%—that is,
randomized individuals not appearing for follow-up.
In addition, the mean follow-up time compared to

the range of follow-up times implies a significant
skewing to the right of this set, with clustering of in-
dividuals below the mean, many of whom were fol-
lowed up for too little time to accurately determine
the end points. Only 31 of 156 patients were evalu-
ated at 12 months. In addition, there is another vari-
able inserted between the two groups besides opera-
tion and that is anesthesia—that is, the stretch group
had general anesthesia and the sphincterotomy group
had only local anesthesia. Further difficulties with
this study relate to the indications for operation. The
presenting symptom of fissure is, except in very un-
usual circumstances, anal pain on defecation, and all
treatments are directed toward pain relief. Yet 27%
of patients in this report did not have pain as a pre-
senting symptom. Furthermore, for the sphincterot-
omy group to have worse results than the stretch
group implies that the sphincterotomies were not
adequately performed in this study when compared
to other reports. This is further implied by the post-
operative manometric findings reported by Marby et
al.

 

6

 

 The patients in whom healing of the fissure did
not occur (14 of 17 cases) had significantly elevated
sphincter pressure, denoting incomplete sphincterot-
omy. These same investigators conducted a subse-
quent randomized trial,

 

7

 

 the results of which differed
markedly from those of the first trial. The anesthesia
was now the same in both groups and perhaps the
sphincterotomy was more complete, although this
was not directly evaluated as it had been in several
other reports.

 

5,6,8,9

 

 However, significant problems
with dropouts and follow-up persist in this second
report. The dropout rate was 14% and again, when
the mean and range of follow-up are examined, a
large percentage of the patients could not have been
seen at 12 months (because the paper was written too
soon), although this end point was specified in the
Methods section. The dropout rate for all other ran-
domized studies varied from 0% to 1%. Follow-up
was also to the specified end-point date for all pa-
tients in other randomized studies. For all these rea-
sons it is reasonable to consider analysis of the stud-
ies in the absence of the reports by Marby et al.

 

6

 

 and
Weaver et al.,

 

7

 

 when evaluating anal stretch and
sphincterotomy, both in terms of their effectiveness
in curing anal fissure and the risk of minor fecal in-
continence after surgery.

Anal stretch has a higher risk of persistence of fis-
sure compared to internal sphincterotomy and also
carries a significantly higher risk of minor inconti-
nence compared to sphincterotomy (Figs. 1 and 2).
The combined results of open vs. closed partial lat-
eral internal sphincterotomy show little difference
between the two procedures, both in persistence of
fissure and risk of incontinence. Therefore the use of

 

Table 5. 

 

Tests of homogeneity

 

Study design Persistence Incontinence

 

Anal stretch vs. sphincterotomy

 

P

 

 

 

�

 

 0.6

 

P

 

 

 

�

 

 0.95
Retrospective studies 5 studies 5 studies

Open vs. closed LIS 0.82

 

P

 

 

 

�

 

 0.01
Retrospective studies 4 studies 4 studies

PMS vs. LIS 0.8

 

P

 

 

 

�

 

 0.01
Retrospective studies 4 studies 4 studies

 

LIS 

 

�

 

 lateral internal anal sphincterotomy; PMS 

 

�

 

 posterior midline
sphincterotomy.
Sphincterotomies in various reports were either midline or lateral;
some were open, some were closed. For studies with 0 numerators in
some cells, the values listed are estimates of the lower limit and upper
limit (SE). Homogeneity is rejected when 

 

P

 

 

 

�

 

 0.05.
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anal stretch in the treatment of chronic anal fissure
in adults should probably be abandoned. For those
patients requiring surgery for anal fissure, open and
closed partial lateral internal sphincterotomies ap-
pear to be equally efficacious. It is less clear whether
posterior sphincterotomy should be performed as
the primary treatment for anal fissure.
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Nonsurgical Treatment of Hemorrhoids

 

John F. Johanson, M.D., M.Sc.

 

Hemorrhoids begin as localized cushions of spe-
cialized submucosal vascular tissue located in the anal
canal adjacent to the junction of the squamous and co-
lumnar epithelium. These cushions are present at
birth and represent a normal anatomic feature of the
anal canal. The existence of hemorrhoidal cushions
alone, therefore, does not constitute disease. Hemor-
rhoidal disease requires the presence of pathologic
changes leading to bleeding, prolapse, or thrombosis.

Rectal bleeding is the most common manifesta-
tion of hemorrhoidal disease.

 

1

 

 The bleeding typically
appears as a bright red spot or streak on the toilet tis-
sue or stool but may also be seen dripping into the
toilet water. If prolapse is the predominant symp-
tom, a mass may be sensed protruding through the
anus with defecation. Early in its course, prolapse re-
duces spontaneously. In time, chronic prolapse re-
sults in persistent mucoid discharge, which may
cause perianal irritation and/or pruritis. Pain is not
typically a symptom of internal hemorrhoid disease
unless the hemorrhoids are acutely prolapsed, which
requires immediate surgical intervention. Pain may
also be associated with thrombosed external hemor-
rhoids.

Hemorrhoids are one of the most common gas-
trointestinal disorders affecting nearly 5% of the
United States population. More than 10 million per-
sons annually admit to symptoms of hemorrhoidal
disease. However, only one third of them are ever
seen by a physician for evaluation or treatment of
this condition.

 

2

 

 Therapy can be broadly categorized
into oral therapy such as fiber, topical treatments,
nonsurgical destructive techniques, and surgical in-
tervention. The decision to treat is based on the fre-
quency and severity of symptoms. Those without
symptoms of bleeding or prolapse or with infrequent
symptoms often do not require any therapy, particu-
larly since the definition of hemorrhoidal disease is
based on the presence of symptoms. The specific
treatment also depends to a great extent on the na-
ture of the patient’s symptoms. There is no disagree-
ment, for example, that acutely prolapsed hemor-
rhoids require surgical intervention. However, the
overwhelming majority of patients with symptomatic

hemorrhoids do not present in this manner. It is the
population of patients with intermittent but bother-
some symptoms that requires elucidation of the opti-
mal therapy.

 

CONSERVATIVE TREATMENT

 

In routine clinical practice, the initial choice for
treatment of hemorrhoidal disease is generally con-
servative, including both oral and topical therapies.
This approach is recommended for persons with mi-
nor symptoms that do not interrupt normal daily ac-
tivities. The goal of medical treatment is to relieve
symptoms as quickly as possible. A secondary goal is
to maintain remission of symptoms. Treatment of
the underlying pathophysiologic cause of symptoms
is not possible nor is it intended with these modali-
ties. Options for oral therapy include fiber supple-
ments and oral diosmin (Daflon). Although fiber is
widely recommended in this situation, the data sup-
porting this option are inconsistent. One controlled
trial has been published comparing fiber (psyllium
seed) with placebo in 52 nonselected patients with
symptomatic hemorrhoidal disease.

 

3

 

 In this trial, fi-
ber supplements were given for 6 weeks and resulted
in significantly reduced bleeding when compared
with placebo; 92% vs. 56%, respectively. This pro-
vided an absolute risk reduction in bleeding associ-
ated with treatment of 36% and a number needed to
treat (NNT) of 2.8. This means that nearly three pa-
tients will need to be treated to achieve one symp-
tomatic response. Pain with defecation was likewise
reduced with fiber supplements demonstrating re-
sponse rates of 96% vs. 68%. This corresponded to a
risk reduction of 28% with an NNT of 3.6. A less
impressive reduction in pruritis and prolapse was
noted, which failed to reach statistical significance.
By contrast, another clinical trial comparing a differ-
ent form of fiber supplementation demonstrated no
initial difference between fiber and placebo with re-
gard to bleeding during the first 15 days of treat-
ment.

 

4

 

 In the subsequent 3 weeks, a small difference
was observed between treatment and control groups,
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but the magnitude of treatment effect was less than
what was observed in the study described above. Fur-
thermore, there was no difference in prolapse among
the two groups. Finally, two additional clinical trials
examining other forms of fiber have shown no clear
proof of efficacy.

 

5,6

 

The data supporting the efficacy of oral Daflon is
even less convincing. Two controlled trials of Daflon
observed improvement in the treatment group when
compared to placebo.

 

7,8

 

 These trials included 120 and
100 patients, respectively. Improvement was noted in
subjective symptom scores for pain and anal discharge.
In the first study, prolapse was likewise reduced. How-
ever, a third trial of 100 patients conducted in Thailand
showed no added improvement with Daflon vs. placebo
when added to a conservative regimen of fiber supple-
mentation.

 

9

 

 In the latter study there was no significant
difference in the number of patients with subjective im-
provement of symptoms. Overall response rates were
94% and 98% (NS) for fiber alone compared to fiber
and Daflon, respectively. These results, in fact, seem to
support the efficacy of fiber therapy and suggest that
Daflon adds little. Unlike the other clinical trials of fi-
ber supplements described earlier, however, this trial
did not have a true placebo control group.

The evidence supporting the beneficial effect of
fiber supplements in eliminating the acute symptoms
of hemorrhoidal disease is not conclusive because of
the small numbers of patients examined and the
seemingly conflicting results. Nevertheless, fiber is
safe and inexpensive. Fiber therapy in all likelihood,
therefore, will remain an integral part of the initial
treatment of hemorrhoidal disease, even in the ab-
sence of undeniable proof.

Topical therapy is the other first-line therapeutic
alternative to treating the acute symptoms of hemor-
rhoidal disease. A large number of options are avail-
able, although the evidence supporting their efficacy
is weak. Topical therapies reduce symptoms by ex-
erting a local anesthetic effect, which eliminates
the burning and itching associated with hemorrhoid
prolapse. They have less of an effect on bleeding, al-
though they are frequently used for this indication.

A number of topical preparations are available and
are listed in Table 1. There have been no clinical trials
supporting the efficacy of any of these products. The
only compound in which a randomized clinical trial
was performed was 5-ASA suppositories.

 

10

 

 In this case,
a double-blind placebo-controlled trial demonstrated
significant reductions in hemorrhoidal symptoms
among patients treated with 5-ASA suppositories com-
pared with placebo. Analogous to fiber supplements,
topical therapy has few side effects and is generally
safe. Long-term use of topical steroids, however, has
the potential to cause chronic perianal dermatitis.

 

NONSURGICAL TREATMENT OPTIONS

 

Bleeding or other symptoms that persist despite
conservative management require more aggressive
therapy aimed at eliminating the underlying patho-
physiologic abnormality. It is in this group that the
most controversy arises when attempts are made to
identify the best type of treatment, that is, nonsurgi-
cal options or surgical hemorrhoidectomy. The re-
mainder of this discussion will focus on the question
of which of these treatment modalities should be the
optimal choice for chronically symptomatic hemor-
rhoid disease.

The underlying goal of nonsurgical therapy is fix-
ation of the hemorrhoidal cushion. The most com-
mon methods currently being employed are injec-
tion sclerotherapy, rubber band ligation (RBL), and
infrared photocoagulation (IRC).

 

11

 

 Injection sclero-
therapy for this purpose has been in use the longest;
it was first employed more than 100 years ago in
Europe. In this method, a small amount of sclerosant
is injected into the submucosa above the hemorrhoid
cushion, leading to fibrosis and ultimate fixation of
the hemorrhoid cushion. RBL is probably the most
commonly used nonsurgical treatment for hemor-
rhoidal disease. A special applicator is used to place
one or more rubber bands at the base of each hemor-
rhoid cushion, strangulating a small amount of mu-
cosa with the cushion. This technique has recently
been adapted to allow placement of rubber bands en-
doscopically. The underlying mode of action, how-
ever, remains the same. The most recent advance in
nonsurgical treatment of hemorrhoidal disease is the
use of “heat” delivered in a variety of forms includ-
ing infrared light or electrocautery. IRC is the best
known and most widely studied technique, which
causes tissue destruction by a rapid increase in heat
delivered by an infrared light source.

Despite the widespread application of these meth-
ods, there have been no placebo-controlled trials to
establish their efficacy. Most of the studies assessing
the benefits of these techniques have been descrip-
tive studies or case series, which have detailed the ef-
fects of patients undergoing the specific treatment
being described. None of these methods, however,
has been compared with conservative therapy or
placebo in randomized, controlled clinical trials.
Without such comparisons, it is impossible to know
whether the observed response was truly the result of
treatment or simply related to the natural history of
hemorrhoidal disease.

Notwithstanding the absence of placebo-controlled
trials, there have been a number of randomized trials
comparing these various modalities with each other.

 

12–

19

 

 Despite the abundance of nonsurgical options for the
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treatment of hemorrhoidal disease, none has consis-
tently been shown to be better than the others. The ab-
sence of a clear advantage may indicate that they are
equally effective. A more likely explanation, however, is
that no clear choice has emerged because of the lack of
statistical power among the various small clinical trials
to demonstrate a significant difference among treat-
ment options.

To address this problem, we performed a meta-anal-
ysis comparing the three most common nonsurgical
techniques: IRC, RBL, and injection sclerotherapy.

 

20

 

Seven clinical trials were found comparing the three
techniques, but two were eliminated because of serious
problems with their methodology. Thus five random-

ized, controlled clinical trials were considered in the
meta-analysis: two comparing RBL with IRC, two
comparing sclerotherapy with RBL, and one study that
compared all three treatments. When the studies were
combined, pooled analyses revealed similar efficacy be-
tween RBL and IRC, whereas sclerotherapy was not as
efficacious. Although initial efficacy between RBL and
IRC was similar, significantly fewer patients undergo-
ing RBL required additional treatments for symptom
recurrence. This therapeutic advantage, however, oc-
curs in the presence of a fivefold greater incidence of
treatment-related pain compared with IRC.

The results of the meta-analysis have subse-
quently been confirmed by a randomized controlled

 

Table 1.

 

 Topical therapies for treatment of hemorrhoidal disease

 

Agent
Mechanism of 

action Dosage Benefits Side effects Comments

 

Pramoxine HCl 
1% (Anusol 
ointment)

Rapidly acting 
local anesthetic

Apply topically up 
to 5 times daily

Local symptom 
relief; no cross-
reactivity with 
other local 
anesthetics such 
as procaine or 
dibucaine

Local allergic 
reaction

Indicated for 
temporary relief 
of soreness, 
burning, or 
itching; forms a 
temporary 
protective 
coating over the 
inflamed tissues

Hydrocortisone 
acetate 1% 
(Anusol HC 
suppositories)

Topical anti-
inflammatory 
agent

Use up to b.i.d. Useful in 
treatment of 
internal 
hemorrhoids

Local allergic 
reaction

Unlike topical 
creams, 
suppositories 
provide therapy 
further up into 
the anal canal for 
treatment of 
bleeding or 
prolapsing 
internal 
hemorrhoids

Hydrocortisone 
acetate 1% 
(Cortaid cream)

Topical anti-
inflammatory 
agent

Use topically up to 
q.i.d.

Local symptom 
relief; steroid 
provides anti-
inflammatory 
properties

Local allergic 
reaction

Phenylephrine 
HCl 0.25% 
(Preparation H, 
cream, gel, or 
suppositories)

Local 
vasoconstriction 
leading to 
temporary relief 
of burning and 
itching

Use topically or 
per rectum up 
to q.i.d.

Works by 
different 
mechanism 
than other 
topical creams; 
may be effective 
if other local 
anesthetics are 
not effective

Local allergic 
reaction

5-amino salicyclic 
acid 
suppositories

Local anti-
inflammatory 
effect

Reduces pain and 
bleeding of 
hemorrhoids

Fewer side effects 
than topical 
steroid therapy
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trial of 133 consecutive patients.

 

21

 

 In this trial 97%
of patients treated with RBL and 92% of patients
treated with IRC were symptom free or had im-
proved to a satisfactory degree by the end of treat-
ment (not significant [NS]). Similar to what was ob-
served in our meta-analysis, RBL was associated with
significantly more pain. In contrast to the meta-anal-
ysis, no differences in the long-term effects of IRC
and RBL were observed. Given comparable efficacy
and a significantly higher risk of pain, IRC was rec-
ommended as the preferred choice for nonsurgical
therapy of hemorrhoidal disease.

A second meta-analysis was performed in 1995 by
MacRae and McLeod

 

22

 

 that used many of the same
clinical trials. Not surprisingly, this meta-analysis
showed nearly identical results, although the authors
of this study came to a different conclusion. In this
study RBL and IRC again demonstrated similar effi-
cacy and were more efficacious than sclerotherapy.
Patients treated with IRC were more likely to re-
quire repeat treatment, whereas RBL was signifi-
cantly more painful. RBL, however, was recom-
mended as the optimal therapy presumably because
of its increased efficacy (less need for retreatment),
even though it was associated with significantly more
patient discomfort. It is undeniable that the differ-
ence in efficacy between RBL and IRC is limited,
and therefore the choice of the optimal therapy
should be individualized when possible. That is, pa-
tients should be asked whether they are willing to
endure more discomfort with the initial therapy or
opt for the treatment that causes less pain but may
require repeat therapy in the future. I suspect most
patients will choose the latter.

 

COMPARISON OF SURGICAL
HEMORRHOIDECTOMY WITH
NONSURGICAL TREATMENT

 

Unfortunately, there is little evidence from clini-
cal trials to guide us in answering this question as
well. The majority of the clinical trials comparing
surgical with nonsurgical treatment options were
performed in the early 1980s. The applicability of
these trials to current practice is unclear, given the
improvements in surgical techniques and the emer-
gence of thermal fixation methods such as infrared
coagulation, which were not widely available at the
time these direct comparative trials were being per-
formed.

The best evidence available examining the efficacy
of surgical vs. nonoperative treatment comes from
the meta-analysis performed by MacRae et al.

 

22,23 

 

as
described earlier in this report. Overall, 18 ran-

domized controlled trials were examined and in-
cluded in the meta-analysis. Of these, three directly
compared hemorrhoidectomy with RBL, the only
nonsurgical technique to be tested. Of these individ-
ual trials, one demonstrated hemorrhoidectomy to
be more effective,

 

24

 

 whereas the other two were in-
conclusive.

 

25,26

 

 When the results of the individual
trials were pooled, hemorrhoidectomy was found to
be significantly more effective than RBL but was also
associated with a significantly greater risk of compli-
cations and pain. Although hemorrhoidectomy was
clearly more efficacious, the authors believed that
RBL should be the initial choice for treatment of
hemorrhoidal disease. Surgery, in their opinion,
should be reserved for those patients in whom non-
operative procedures are unsuccessful.

 

SUMMARY

 

Although symptomatic hemorrhoidal disease af-
fects nearly 5% of the United States population, it is
disappointing that only a relatively few well-designed,
randomized, placebo-controlled clinical trials have
been performed. Despite the absence of unequivocal
evidence, I believe a number of conclusions can be
reliably drawn. First, the preponderance of evidence
supports the efficacy of fiber supplements in elimi-
nating the acute symptoms of hemorrhoidal disease.
Second, despite their widespread use, there is little
to support the efficacy of topical therapy. Third,
IRC and RBL demonstrate comparable efficacy, al-
though RBL is probably slightly better for treatment
of prolapsed hemorrhoids. The choice of nonsurgi-
cal therapy, however, should be tailored to the indi-
vidual patient because RBL is associated with more
pain whereas IRC may require additional treatment
sessions for recurrence of symptoms. If possible, the
patient should be allowed to choose between the two.
Finally, direct comparison between hemorrhoidec-
tomy and RBL indicates that hemorrhoidectomy is
clearly more efficacious but is associated with signifi-
cantly more pain and complications than RBL.

Based on a comprehensive review of the available
evidence, therefore, it is my opinion that the optimal
therapy for hemorrhoidal disease begins with fiber
supplements. Short-term topical therapy to relieve
symptoms has not been shown to be effective but
carries little associated risk. If symptoms do not re-
spond to conservative treatment, then either RBL or
IRC is warranted. The choice of which treatment to
pursue should be individualized, based on patient
preference, once the risks and benefits of each have
been explained. In either case, hemorrhoidectomy
should be reserved for patients who fail nonoperative
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therapy because of the greater risk of complications
and postprocedure pain.
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Surgical Management of Hemorrhoids

 

Anthony J. Senagore, M.D.

 

There are few diseases more chronicled in human
history than symptomatic hemorrhoidal disease.

 

1,2

 

References occur in ancient texts dating back to

 

Babylonian, Egyptian, Greek, and Hebrew cultures.

 

1,2

 

Included in many of these writings are multiple rec-
ommended treatment regimens including anal dila-

 

tation, topical ointments, and the intimidating red hot
poker.

 

3,4

 

 Although few people have died of hemor-
rhoidal disease, many patients wish they had, partic-
ularly after therapy, and this fact led to the beatifica-
tion of St. Fiachre, the patron saint of gardeners and
hemorrhoid sufferers.

 

5

 

 It is hoped that this discus-

 

sion will guide the practitioner toward a more humane
approach to the surgical management of hemor-
rhoidal disease, with an emphasis on cost-effective-
ness with minimal morbidity and mortality.

 

ANATOMY/ETIOLOGY

 

The hemorrhoidal cushions appear predictably in
the right anterior, right posterior, and left lateral posi-
tions, although there may be intervening secondary
hemorrhoidal complexes, which blur this classic anat-
omy.

 

6

 

 The blood supply is similarly constant, deriving
from the superior rectal artery, a branch of the infe-
rior mesenteric artery, the middle rectal arteries aris-
ing from the internal iliac arteries; and the inferior
rectal arteries arising from the pudendal arteries. The
venous drainage transitions from the portal venous
system above the level of the dentate line to the sys-
temic venous system below this level.

 

6

 

The major anatomic distortion that must be ad-
dressed surgically is related to abnormalities within
the connective tissue of these cushions, which pro-
duce prolapse of the hemorrhoidal tissue and dislo-
cation of the anoderm.

 

7

 

 This can occur as the result
of excessive straining, chronic constipation, or low
dietary fiber.

 

8

 

 A clear understanding of the patho-
physiology is important when considering therapeutic
interventions. At the earlier stages of disease progres-

sion, when the major manifestation is transudation of
blood through thin-walled damaged veins and/or ar-
terioles, ablation of the vessels should be adequate.
Conversely, in the late stages of the disease, when
there is significant disruption of the mucosal suspen-
sory ligament, relocation and fixation of the mucosa
to the underlying muscular wall is required for effec-
tive therapy.

 

9

 

EXCISIONAL HEMORRHOIDECTOMY

 

The decision to proceed to excisional hemor-
rhoidectomy requires a mutual decision by the phy-
sician and patient that medical and nonexcisional op-
tions have either failed or are not appropriate. The
usual clinical symptoms that lead to surgical excision
are frequent prolapsing of the internal hemorrhoids
and anoderm, which results in discomfort and anal
seepage. Alternatively, the thickened and prolapsing
internal/external hemorrhoidal complexes may make
anal hygiene difficult for the patient and may make
excision preferable. The final indication for exci-
sional hemorrhoidectomy, although this is debat-
able, is the development of acutely thrombosed and
gangrenous internal hemorrhoids. Surgical excision
of acutely thrombosed external hemorrhoids may
also be warranted, primarily for more rapid pain re-
lief and avoidance of a residual skin tag. Manage-
ment of these external thromboses is usually easily
managed in the office setting with local anesthesia
and complete excision with or without skin closure.

Options for excisional hemorrhoidectomy include
the following techniques: Milligan-Morgan hemor-
rhoidectomy; Ferguson closed hemorrhoidectomy;
Whitehead hemorrhoidectomy; and the more re-
cently described circular stapled hemorrhoidectomy.
The procedures are usually performed in the operat-
ing theater, after minimal preoperative preparation
of the bowel. The use of lasers for excisional hemor-
rhoidectomy offers no advantage and, in fact, results
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in delayed healing, increased pain, and increased
cost.

 

10

 

 The selection of anesthetic is usually left to
the anesthesiologist and the patient; however, local
anesthesia supplemented by the administration of in-
travenous narcotics and propofol is very effective and
short acting. The use of spinal anesthesia, although
effective, may increase the risk of postoperative uri-
nary retention because of the increased intraopera-
tive administration of intravenous fluids.

The Milligan-Morgan hemorrhoidectomy, which
is widely performed in Europe, was originally de-
scribed in 1937, and its efficacy has been subsequently

 

documented in many series.

 

11–13

 

 This technique in-
cludes resection of the entire enlarged internal hem-
orrhoid complex, ligation of the arterial pedicle, and
preservation of the intervening anoderm.

 

10

 

 The dis-
tal anoderm and external skin are left open to mini-
mize the risk of infection in the wounds. Results of
this technique have shown it to be a safe and effective

 

means of managing advanced hemorrhoidal disease.

 

10

 

However, the fact that the external wounds are left
open for delayed healing can be a cause of consider-
able discomfort and prolonged morbidity after this
procedure.

The closed Ferguson hemorrhoidectomy was pro-
posed as an alternative to the Milligan-Morgan tech-
nique and enjoys a similar large body of evidence re-
garding its safety and efficacy.

 

14–17

 

 This technique
employs an hourglass-shaped (centered at the mid-
portion of the anoderm) excision of the entire inter-
nal/external hemorrhoidal complex, preservation of
the internal and external anal sphincters, and pri-
mary closure of the entire wound. Occasionally it is
necessary to undermine flaps of anoderm and peria-
nal skin to allow removal of intermediate hemor-
rhoidal tissue, while preserving the bridges of ano-
derm between pedicles. This technical adjustment
will avoid postoperative strictures.

The Whitehead hemorrhoidectomy, described in
1882, was devised to eradicate the enlarged internal
hemorrhoidal tissue in a circumferential fashion and
to relocate the prolapse dentate line, which is often a
component of prolapsing hemorrhoids.

 

18

 

 Although
this technique enjoyed a long period of widespread
application, it was subsequently largely abandoned
because of the high rates of mucosal ectropion and
anal stricture.

 

19–22

 

 The technique is enjoying re-
newed support, with several authors documenting
minimal stricture rates and no occurrences of mu-
cosal ectropion.

 

23,24

 

 Despite these promising reports,
the Whitehead procedure is technically demanding
because of the need to accurately identify the dentate
line and relocate it to its proper position.

A new entry into the arena of excisional hemor-
rhoidectomy is the circular stapled hemorrhoidec-

tomy.

 

25

 

 The technique uses a circular, transanally
placed pursestring suture, which is placed 4 cm from
the dentate line and within the enlarged internal
hemorrhoids. A 31 mm stapler is then placed trans-
anally to perform a circumferential excision of the
hemorrhoidal tissue and a repositioning and fixation
of the anoderm to its proper location in the anal ca-
nal. The results appear promising with decreased
postoperative pain, shorter periods of convalescence,
and similar complication rates compared to other
forms of excisional hemorrhoidectomy. There have
been some concerns raised regarding protracted rec-
tal pain after this approach and the potential for life-
threatening infections, although larger series do not
support these claims.

Regardless of the excisional technique used for
treatment of advanced hemorrhoidal disease, the
key to effective patient management is avoidance of
postoperative complications. Pain is the most fre-
quent complication and is the most feared sequela
of the procedure from the patient’s perspective. A
variety of analgesic regimens have been recom-
mended, usually consisting of a combination of oral
and parenteral narcotics.

 

26–30

 

 The use of local infil-
tration of bupivacaine into the wounds and perianal
skin has been variably successful in long-term pain
reduction.

 

31,32

 

 Conversely, ketorolac has demon-
strated considerable efficacy in managing posthem-
orrhoidectomy pain.

 

33

 

 The use of alternative ad-
ministration routes for narcotics, either by patch or
subcutaneous pump, has been successful in control-
ling pain; however, the management of these routes
of administration can be risky in the outpatient set-
ting because of the risk of narcotic-induced respira-
tory depression. The most appropriate regimen af-
ter outpatient hemorrhoidectomy appears to be
intraoperative use of ketorolac, sufficient doses of
oral narcotic analgesics for home administration,
and supplementation of the narcotics with an oral
nonsteroidal medication.

Urinary retention is a frequent postoperative
problem after hemorrhoidectomy, ranging in inci-
dence from 1% to 52%.

 

34–37

 

 A variety of strategies
have been used to treat the problem, including para-
sympathomimetics, 

 

�

 

-adrenergic blocking agents,
and sitz baths.

 

38,39

 

 The best approach, however, seems
to be a strategy of prevention that includes limiting
perioperative fluid administration to 250 ml, an an-
esthetic approach that avoids the use of spinal anes-
thesia, avoidance of anal packing, and an aggressive
oral analgesic regimen.

 

40

 

Early postoperative bleeding (

 

�

 

24 hours) occurs
in approximately 1% of cases and represents a tech-
nical error requiring return to the operating theater
for resuturing of the offending wound.

 

41

 

 Delayed
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hemorrhage of excisional hemorrhoidectomy occurs
in 0.5% to 4% of cases at 5 to 10 days postopera-
tively.

 

42–44

 

 The etiology has been held to be early
separation of the ligated pedicle before adequate
thrombosis in the feeding artery can occur.

 

45

 

 The
bleeding in this scenario is usually significant and re-
quires some method for control of ongoing hemor-
rhage. Options include a return to the operating the-
ater for suture ligation or tamponade at the beside by
Foley catheter or anal packing.

 

46–47

 

 The subsequent
outcome after control of secondary hemorrhage is
generally good, with virtually no risk of recurrent
bleeding. It may be helpful to irrigate the distal col-
orectum with posthemorrhage enemas or at the time
of intraoperative control of bleeding to avoid confu-
sion when the residual clots pass per anum.

 

CONCLUSION

 

The management of symptomatic hemorrhoidal
disease should be directed at the symptom complex
of the individual patient. Most patients can be suc-
cessfully treated by improving bowel function, cor-
recting constipation, and the use of any of a variety
of anal ointments. For persistent symptoms, either
injection or banding of the internal hemorrhoids is
predictably successful. Few patients should require
excisional hemorrhoidectomy by any of the de-
scribed techniques. Circular stapled hemorrhoidec-
tomy may prove to be an effective, less painful tech-
nique to manage grade 3 hemorrhoids.
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Advanced Technology in the Management of 
Hemorrhoids: Stapling, Laser, Harmonic
Scalpel, and Ligasure

 

James Fleshman, M.D.

 

LASER

 

The use of laser technology for the treatment of
hemorrhoids continues to be controversial. The the-
oretical advantages of lasers have included reduced
pain and improved healing. The use of laser for the
treatment of hemorrhoids has been the impetus for
the development of specialty clinics and has served as
an excellent marketing tool for those surgeons focus-
ing primarily on treating hemorrhoids. The evidence
for this modality as the preferred energy source is
scarce.

A randomized controlled trial comparing closed
Ferguson hemorrhoidectomy with scissors or laser
was reported by Wang et al.

 

1

 

 in 1991. A poorly
matched group of 88 patients was treated with exci-
sional hemorrhoidectomy using scissors or laser to
perform the excision. The wounds were closed with
running absorbable sutures. The laser-treated group
was reported to experience less pain and a shorter
length of hospital stay. However, healing time was
approximately 2 weeks longer for the laser-treated
group.

Senagore et al.,

 

2

 

 in 1993, reported the results of a
randomized controlled trial comparing Nd:YAG la-
ser and cold scalpel to perform closed Ferguson
hemorrhoidectomy. The patients were matched to
have grade 3 internal mixed hemorrhoids. The 81
patients were found to have no difference in pain
based on a visual analogue pain scale. The cost of la-
ser hemorrhoidectomy was, on average, $480 more
per case. There was also an increase in wound dehis-
cence in the laser-treated group. Patients were
treated as outpatients so the advantage of no hospital
stay was noted.

Even though randomized controlled data suggest
no advantage for laser in hemorrhoidectomy, reports
continue to appear in the literature. Zahir et al.

 

3

 

 re-
cently reported on a retrospective review of a group of

50 patients divided between laser and standard hem-
orrhoidectomy. The laser-treated group reported
pain to be 65% less than that in the group treated with
standard hemorrhoidectomy at 1 week; the laser-
treated group also had painless defecation by 5 days,
less drainage, and returned to work twice as quickly as
patients undergoing standard hemorrhoidectomy.
Hospital and surgical costs were also lower for the la-
ser-treated group. These findings will need to be con-
firmed in a randomized controlled trial.

 

HARMONIC SCALPEL/LIGASURE

 

Newer energy sources such as harmonic scalpel
and Ligasure (U.S. Surgical, Norwalk, Connecticut)
have not been evaluated thoroughly. Each of these
modalities relies on energy to ligate the hemor-
rhoidal vessels rather than a suture placed at the vas-
cular pedicle. Theoretically this may reduce anal
sphincter spasm and pain.

Armstrong

 

4

 

 presented preliminary data at the 2000
meeting of the American Society of Colorectal Sur-
geons (in poster form) from a randomized comparison
of the use of electrocautery and harmonic scalpel for
Ferguson hemorrhoidectomy in grade 3 and 4 disease.
He found that patients noted less pain on an analogue
scale and needed fewer narcotics when the harmonic
scalpel was used. The harmonic scalpel system vi-
brates at 55,000 Hz and results in coagulation of
blood and fusion of vessel walls. However, complica-
tions and recurrence are not mentioned. There was
no difference in the length of hospital stay.

The Ligasure (bipolar cautery with automatic
“off ” switch when impedance reaches a critical level)
has been used when treating hemorrhoids to control
the vascular pedicle. There are currently no reports
available regarding this technique. Controlled trials
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are needed to evaluate these modalities because of
the potential added cost to the procedure.

 

CIRCULAR STAPLED
HEMORRHOIDECTOMY

 

The most significant change in hemorrhoid sur-
gery may be the use of a modified circular stapler to
resuspend the prolapsing mucosa and vascular cush-
ions and remove any redundant distal rectal mucosa.
This technique was initially reported by Dr. Don
Peck, and modified and standardized by Dr. Antonio
Longo. Large prospective series of patients treated
with circular stapled hemorrhoidectomy (CSH) for
grade 3 hemorrhoids have been accumulated in Eu-
rope and the Middle East.

 

5

 

 Patients treated with
CSH reportedly have less pain and excellent control
of symptoms. However, complications have included
rectal perforation and pelvic sepsis.

 

6

 

 The technique
is simple but has some specific features that guaran-
tee its success. These include placement of the purse-
string sutures for the circular stapler, insertion and
removal of the stapler, and ligation of vascular pedi-
cles at the staple line for control of hemorrhage.

The controversy surrounding this technique arises
from an inability to classify hemorrhoids objectively.
There is no good standard classification system that
can be used to guarantee that all patients entered
into trials of this technique have the same extent of
hemorrhoidal disease. As a result, we are unable to
determine whether patients in existing trials or series
might have been treated with a less invasive and less
expensive approach such as rubber band ligation.
This is extremely important, because the number of
hemorrhoidectomies performed in Europe using this
technique far exceeds the number of excisional hem-
orrhoidectomies performed in the United States
over the same period of time.

The first report on the “Longo” CSH in the En-
glish literature was by O’Bichere et al.

 

7

 

 in 1998. The
technique was shown to be feasible as an outpatient
treatment of hemorrhoids. Thus far, CSH has only
been compared to Milligan-Morgan (open) hemor-
rhoidectomy. Mehigan et al.

 

8

 

 reported a randomized
controlled trial of 40 patients comparing the Milli-
gan-Morgan procedure to CSH.

 

8

 

 Pain scales, inter-
views, and maximum 10-week follow-up revealed
equivalent operative times, lengths of stay, complica-
tions, symptom control, and short-term functional
outcome for both groups. These investigators rec-
ommended long-term follow-up to fully evaluate the
technique. Rowsell et al.

 

9

 

 found similar results in a
smaller randomized trial of 22 patients but once
again had no long-term follow-up.

The largest randomized controlled trial thus far
was conducted by Ho et al.

 

10

 

 in Singapore. A group of
119 patients were randomized to the Milligan-Mor-
gan procedure or CSH for grade 3 and 4 hemor-
rhoids. Postoperative incontinence, sphincter injury,
complications, length of hospital stay, and operative
times were equivalent. Postoperative pain, narcotic
use, bleeding, healing, and return to work were better
in the CSH group. Cost was 30% higher with CSH.

A recent report by Cheetham et al.

 

11

 

 at St. Marks
Colorectal Unit revealed a significant incidence of
persistent pain and fecal urgency (31%) after stapled
hemorrhoidectomy. This was attributed to muscle
being incorporated into the mucosal “doughnut” and
probably indictates placement of the pursestring su-
tures within the anal canal itself rather than in the
distal rectum. The randomized trial was discontin-
ued as a result of these findings.

A pilot group of patients has been studied at the
University of Illinois and Washington University,
and the findings were reported at the 2001 meeting
of the American Society of Colorectal Surgeons. Pa-
tients seem to have less pain and tolerate the proce-
dure on an outpatient basis. The indications seem
limited to those individuals with hemorrhoids that
have not or will not respond to rubber band ligation
unless a combination procedure (CSH and excision
of the external component) can be shown to be as
cost-effective as excision alone for nonreducible grade
4 hemorrhoids. A randomized controlled trial is cur-
rently in the beginning stages, with pain, complica-
tions, cost, and recurrence as the end points.
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2001 Consensus Statement on Benign
Anorectal Disease

 

W. Scott Helton, M.D., for The SSAT, AGA, ASGE Consensus Panel

 

CHRONIC ANAL FISSURE

 

The prevalence of anal fissure is approximately
one fifth that of symptomatic hemorrhoids. Most
anal fissures result from increased tone in the inter-
nal anal sphincter combined with relative ischemia in
the posterior midline anal canal. Successful treat-
ment for these chronic anal fissures requires reduc-
tion in anal canal resting pressure. This can be ac-
complished by inducing smooth muscle relaxation of
the internal anal sphincter pharmacologically or sur-
gically. Pharmacologic options include the topical ap-
plication of nitric oxide donors (glyceryl trinitrate
[GTN], isosorbide dinitrate), calcium channel antago-
nists (diltiazem cream), anticholinergics (bethanechol
cream), or the injection of botulinum toxin. The op-
timal dose of GTN is a pea-sized volume of a 0.2%
formulation applied three times a day. Higher con-
centrations are associated with increased side effects
with no additional benefit. Healing occurs in one
third to two thirds of patients with GTN therapy; a
rate superior to that of placebo. After healing, fis-
sures recur in approximately one half of patients.
Headaches occur in a significant number of patients.
Patients with orthostatic hypotension, intolerance to
nitrates, and ischemic heart disease are probably best
managed with an alternative therapy. In one clinical
trial, botulinum toxin was reported to be superior to
GTN in healing chronic anal fissures, and with a
lower rate of complications. Preliminary evidence
suggests that healing with diltiazem and bethanechol
gel is comparable to healing with GTN with no
identified side effects.

Surgical options for chronic anal fissure include
anal stretch, open and closed lateral sphincterotomy,
and posterior sphincterotomy. Lateral sphincterot-
omy is superior to GTN in healing chronic anal fis-
sures. Anal stretch should be abandoned because of a
higher risk of anal incontinence and a lower rate of

healing when compared to sphincterotomy. Open or
closed lateral sphincterotomy is the preferred surgi-
cal treatment of anal fissure and is associated with a
small but definite risk of flatus incontinence.

At present, the best reported results of pharmaco-
logic treatment for anal fissure are achieved with botu-
linum toxin. However, these results are from only one
trial with limited follow-up, and there are significant
concerns regarding the safety, cost, and convenience of
botulinum toxin. Currently, the available data suggest
that the first-line treatment is GTN. However, the side
effect profile limits its usefulness, making newer top-
ical agents potentially more attractive. Pharmacologic
treatment should balance efficacy, short- and long-
term side effects, convenience, and expense. These data
will permit the informed patient to make a choice.

 

HEMORRHOIDS

 

Symptomatic hemorrhoids are a common medical
condition occurring in 42 per 1000 of the United
States population, or 10,600,000 Americans per year.
It is estimated that two and a half million persons per
year visit physicians for treatment of hemorrhoids;
160,000 have operations in short-stay hospitals and
959,000 hospital days are used by patients with hem-
orrhoids.

 

1

 

Initial treatment of hemorrhoid disease typically
begins with fiber supplements and increased water
intake. Short-term topical therapy to relieve symp-
toms has not been shown to be effective in random-
ized clinical trials but carries little associated risk. If
symptoms do not respond to conservative treatment,
rubber band ligation or infrared coagulation is war-
ranted. The choice of which treatment to pursue
should be individualized based on patient preference
and operator experience. Hemorrhoidectomy should
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be reserved for patients in whom nonoperative ther-
apy is unsuccessful, because of the increased risk of
complications, postprocedure pain, and cost of surgi-
cal treatment. Indications for hemorrhoidectomy are
frequent symptomatic prolapse of internal hemor-
rhoids and anoderm, which results in discomfort and
anal seepage or the appearance of external hemor-
rhoids.

Open (Milligan-Morgan) and closed (Ferguson)
hemorrhoidectomies have similar safety and efficacy,
and are the preferred surgical approaches for hemor-
rhoids; there is insufficient evidence to recommend
one excision technique over the other. Surgical treat-
ment of internal hemorrhoids using a circular stapler
may result in less pain and a shorter recovery period,
although the long-term efficacy of this technique re-
mains to be defined. The use of lasers and other en-
ergy-based excision techniques for excision hemor-
rhoidectomy offers no advantage over traditional
hemorrhoidectomy and causes delayed healing, in-
creased pain, and increased cost. Anal stretch and
lateral sphincterotomy should be abandoned because
of the high risk of early and late anal incontinence
and no reduction in postoperative pain. Pain is the
most common side effect after hemorrhoidectomy
and is best managed by the use of intraoperative ke-
torolac in combination with oral narcotic analgesics
and an oral nonsteroidal medication. Evidence also
indicates that patients should begin taking laxatives
at least 2 days before the operation. Postoperative

oral metronidazole may reduce postoperative pain
after open hemorrhoidectomy.

 

AREAS FOR FUTURE
CLINICAL INVESTIGATION

 

Controlled clinical trials are warranted to estab-
lish optimal medical therapy for anal fissure, and are
needed to define cost-effectiveness and patient satis-
faction. In these trials, patients should be equally
matched with respect to anatomic features of anal
fissure and signs of chronicity, and follow-up should
be at least 1 year. Prospective randomized clinical
trials are warranted to establish the cost-effectiveness
of circular stapling vs. traditional excisional hemor-
rhoidectomy. A randomized clinical trial testing the
efficacy of chemical sphincterotomy combined with
surgery as an adjunct for pain reduction is also war-
ranted.
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Induction of Cyclooxygenase-2 and Invasiveness by 

 

Transforming Growth Factor-

 

�

 

1

 

 in Immortalized 
Mouse Colonocytes Expressing Oncogenic Ras

 

Christopher D. Roman, M.D., Jason Morrow, M.D., Robert Whitehead, Ph.D.,
R. Daniel Beauchamp, M.D.

 

Cyclooxygenase-2 (COX-2) expression appears to be important in colorectal carcinogenesis. Elevated
COX-2 expression and activity have been observed in several different transformed cell types. Prior stud-
ies implicating involvement of the Ras oncogene and growth factors on COX-2 expression were largely
derived from rat small intestinal cell lines. We have investigated whether mouse colonocyte COX-2 levels

 

are regulated by oncogenic Ras or transforming growth factor-

 

�

 

1

 

 (TGF-

 

�

 

1

 

), and whether these factors
also serve to regulate cellular invasiveness. Young adult mouse colonocyte cells are colonocytes derived
from the “Immortomouse” and immortalized by the SV40 large T antigen. Young adult mouse colono-
cyte Ras cells were derived by transfection of young adult mouse colonocyte cells with oncogenic Ha-Ras
and are known to be tumorigenic. We found that the induction of COX-2 and eicosanoid release were
augmented in the presence of activated Ras and that TGF-

 

�

 

1

 

 caused a further increase in COX-2 in the
Ras-transformed mouse colonocytes. Increased COX-2 expression was correlated with increased release
of prostaglandins E

 

2

 

 and I

 

2

 

. Activated Ras and TGF-

 

�

 

 increased the invasiveness of the young adult
mouse colonocyte cells, but treatment with a COX-2 inhibitor did not inhibit invasiveness. Thus we
found that transforming growth factor-

 

�

 

 collaborates to increase COX-2 expression, protaglandin re-
lease, and invasiveness in mouse colonocytes, but the increased COX-2 activity does not appear to con-

 

tribute to the invasive response. (J G
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Colorectal cancer is the second most common fa-
tal malignancy in the Western world, with approxi-
mately 150,000 new cases accounting for 55,000
deaths in the United States every year.

 

1

 

 A growing
body of evidence suggests that cyclooxygenase activ-
ity and the subsequent synthesis of prostaglandins
are involved in colorectal carcinogenesis. Cyclooxy-
genase-2 (COX-2) expression has been shown to
modulate production of angiogenic factors that stim-
ulate endothelial migration by colon cancer cells.

 

2

 

COX-2 expression in intestinal epithelial cells also
enables them to resist apoptosis.

 

3

 

 The involvement
of cyclooxygenase in tumor production is supported
by the antineoplastic effects of inhibitors of this en-
zyme such as nonsteroidal anti-inflammatory drugs

(NSAIDs). Early studies in animal models of colon
cancer indicated that NSAIDs could inhibit intesti-
nal tumor formation after carcinogen exposure.

 

4,5

 

Recent studies have shown a 40% to 50% decrease
in the risk of colorectal carcinoma in patients who
use aspirin regularly.

 

6–8

 

In 1991, patients with the hereditary colon cancer
syndrome referred to as familial adenomatous poly-
posis coli (FAP) were treated with sulindac and ex-
hibited a significant repression of polyps. Carefully
designed follow-up studies have also shown a signifi-
cant reduction in polyp size and number in patients
with FAP who are treated with sulindac.

 

9–11

 

 In addi-
tion, NSAIDs have been shown to be effective in re-
ducing tumor burden and growth in mouse models
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of FAP

 

12

 

 and in xenograft models of human cancer in
nude mice.

 

13

 

The ability of various cytokines, growth factors, onco-
genes, and tumor suppressors to induce COX-2 expres-
sion has been demonstrated in several cell types.

 

14–21

 

The transforming growth factor–beta (TGF-

 

�

 

) family
comprises a large number of structurally related poly-
peptide growth factors, and each of these is cap-
able of regulating a complex array of cellular pro-
cesses.

 

22–24

 

 These processes include cell proliferation,
differentiation, motility, adhesion, and death. Although
TGF-

 

�

 

 plays a primary role as a growth inhibitor and
potential tumor suppressor, there is increasing evidence
of its ability to promote tumorigenesis and contribute
to the metastatic phenotype of tumor cells. Increased
expression of TGF-

 

�

 

 is associated with worse out-
come in colorectal cancer.

 

25

 

 Loss of responsiveness to
the growth inhibitory effects of TGF-

 

�

 

 occurs in many
types of cancer cells including pancreatic,

 

26

 

 breast,

 

27,28

 

and colorectal

 

29

 

 cancer cells.
Mutational activation of a Ras oncogene is one of

the most common genetic lesions in human cancer.
Approximately 50% of human colorectal tumors
have an activating k-Ras mutation.

 

30,31

 

 Intestinal cells
transformed by oncogenic Ras are resistant to the
growth inhibitory effects of TGF-

 

�

 

.

 

32,33

 

 Activation
of Ras GTPase and TGF-

 

�

 

 in rat small intestinal ep-
ithelial cells (RIE-1) each causes modest increases in
COX-2 expression, but simultaneous activation of
Ras signaling and TGF-

 

�

 

 receptor activation results
in a synergistic increase in COX-2 expression.

 

14

 

Prior studies implicating involvement of the Ras
oncogene and growth factors on COX-2 expression
were largely derived from rat small intestinal cell
lines as opposed to colonic epithelial cells. The pur-
pose of this study was to determine whether mouse
colonocyte COX-2 levels are regulated by oncogenic
Ras and TGF-

 

�

 

1

 

, and whether these factors regulate
cellular invasiveness.

 

MATERIAL AND METHODS
Cultured Cells

 

Cells used in these experiments consisted of
YAMC (Young Adult Mouse Colonocyte) and
YAMC-Ras cell lines. These colonocytes are derived
from the “Immortomouse” and are conditionally im-
mortalized by the presence of an SV40 large T anti-
gen. This is temperature-sensitive antigen that al-
lows these cells to grow indefinitely at 33

 

�

 

 C. They
also contain a 

 

�

 

-interferon promoter that serves to
help stimulate cellular growth. YAMC-Ras cells
were derived by stable transfection of YAMC cells
with oncogenic Ha-Ras and are known to be tumori-
genic.

 

34

 

 Cell were grown in William’s medium con-

 

taining 10% fetal bovine serum, 1% penicillin/strep-
tomycin, and 100 units 

 

�

 

-interferon/L.

 

Western Blot Analysis

 

Cells were treated with TGF-

 

�

 

1

 

 (5 ng/ml) after 24
hours of serum starvation. Cells were lysed at 0, 8,
and 24-hour intervals using NP-40 lysis buffer con-
taining 50 mmol/L Tris-Cl, pH 7.8, 150 mmol/L
NaCl, 1% nonidet P-40, 10 mmol/L EDTA, 10 mg/
ml phenylmethylsulphonyl fluoride, 20 

 

�

 

g/ml FOY-
305 protease inhibitor (Ono Pharmaceutical Co.,
Osaka, Japan), 1 mmol/L sodium orthovanadate, and
5 mmol/L sodium fluoride. Protein was subjected to
Western blot analysis with the use of COX-2 poly-
clonal antibody (Santa Cruz Biotechnology, Santa
Cruz, CA) and antigoat COX-2 antibody (Santa Cruz
Biotechnology).

 

Invasion Assays

 

The effect of TGF-

 

�

 

1

 

 on cell invasiveness was ex-
amined in Boyden chambers with type I collagen–
coated transwell inserts. Approximately 100 

 

�

 

l type I
collagen was placed in the insert 24 hours before the
experiment. Cells were seeded (1 

 

�

 

 10

 

4

 

) into the tran-
swell using William’s medium containing 0.2% fetal
bovine serum. The lower well contained 5 ng/ml
TGF-

 

�

 

1

 

 with and without the COX-2 inhibitor NS-
398 (Cayman Chemical Co., Ann Arbor, MI), also in
0.2% medium, and was allowed to incubate for 24
hours. After 24 hours, the inserts were fixed and
stained to evaluate the extent of cellular invasion.

 

Quantification of Eicosanoids

 

Subconfluent cell cultures were established and
the cells were treated with TGF-

 

�

 

1

 

 in serum-free
media followed by the addition of arachidonic acid
(15 

 

�

 

m) before each time point. This was repeated
after 24 hours of serum starvation. Media were col-
lected at 0, 2, and 8 hours. The prostaglandin (PGE

 

2

 

and PGI

 

2

 

) formation in the medium was quantified
by means of stable isotope dilution techniques em-
ploying gas chromatography negative ion chemical
ionization mass spectrometry. The results are ex-
pressed as nanograms of PGE

 

2

 

 and PGI

 

2

 

 per millili-
ter of medium. COX-2 inhibition was again achieved
with the use of NS-398.

 

RESULTS

 

As expected, the YAMC-Ras cells expressed
higher levels of p21 H-Ras protein (Fig. 1, 

 

A

 

). The
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effect of TGF-

 

�

 

 on COX-2 expression was evaluated
in YAMC and YAMC-Ras cells. Under basal condi-
tions, YAMC-Ras cells expressed a higher level of
COX-2 in comparison to the parental YAMC cells.
Treatment with TGF-

 

�

 

1

 

 (5 ng/ml) after serum star-
vation resulted in a slight increase in COX-2 expres-
sion in YAMC cells and a more marked increase in
YAMC-Ras cells (Fig. 1, 

 

B

 

).
COX-2 is a key enzyme required for prostaglan-

din synthesis; therefore release of PGE

 

2

 

 and PGI

 

2

 

were evaluated in YAMC and YAMC-Ras cells in the
presence and absence of TGF-

 

�

 

1

 

 (5 ng/ml). Prostag-
landin (PGE

 

2

 

 and PGI

 

2

 

) synthesis and release were
evaluated in the presence of an excess of arachidonic
acid (15 

 

�

 

m). PGE

 

2

 

 and PGI

 

2

 

 release were signifi-
cantly increased in both cell lines by TGF-

 

�

 

1

 

 (Figs. 2
and 3). There was a 1.5-fold increase in PGI

 

2

 

 release
and a 2.0-fold increase in PGE

 

2

 

 release in the YAMC
cells after TGF-

 

�

 

 treatment. After similar treatment
in the YAMC-Ras cells, there was a more pro-
nounced 2.0-fold increase in PGI

 

2

 

 release and a 4.0-
fold increase in PGE

 

2

 

 release.
The effect of oncogenic Ras and TGF-

 

�

 

 treat-
ment on colonocyte invasiveness was examined using
a modified Boyden chamber assay. The YAMC-Ras
cells exhibited 4.6-fold greater invasiveness as com-
pared to the YAMC cells. YAMC cell invasion was
increased by 30% after TGF-

 

�

 

1

 

 treatment. In con-
trast, TGF-

 

�

 

1

 

 increased the number of invasive
YAMC-Ras cells by 2.4-fold (Fig. 4).

To determine whether COX-2 activity was neces-
sary for the increased invasiveness, the experiment
was repeated in the presence of the COX-2–specific
inhibitor NS-398 at doses in excess of that required
for maximal inhibition of prostaglandin synthesis.

 

35

 

These doses of NS-398 were sufficient to achieve a

greater than 95% reduction in prostaglandin release.
The average serum concentration of PGI

 

2

 

 after 8-
hour treatment of the YAMC-Ras cells with TGF-

 

�

 

1

 

alone was 21 ng/ml; this was decreased to less than
0.5 ng/ml after the addition of NS-398 (

 

P

 

 

 

�

 

 0.0001).
Similarly, in YAMC-cells, this concentration was de-
creased from 10 ng/ml to less than 0.05 ng/ml (

 

P

 

 

 

�

 

0.0001). NS-398 had no effect on TGF-

 

�

 

–induced
invasiveness (Fig. 5).

Fig. 1. Effect of TGF-�1 on COX-2 and Ras expression in YAMC
and YAMC-Ras cells. A, Ha-Ras expression was analyzed after the
addition of TGF-�1 (5 ng/ml). Lysates were collected at 0, 8, and 24
hours, and 50 �g samples were analyzed by Western blot analysis. B,
COX-2 expression was analyzed after the addition of TGF-�1 (5 ng/
ml). Lysates were collected at 0, 8, and 24 hours, and 50 �g samples
were analyzed by Western blot analysis.

Fig. 2. PGI2 release in YAMC and YAMC-Ras cells after
TGF-�1 treatment. Cells were treated with TGF-�1 (5 ng/
ml), and media were collected and analyzed by gas chromatog-
raphy and mass spectrometry at 0, 2, and 8 hours. Arachidonic
acid (15 �m) was added 20 minutes before media collection.

Fig. 3. PGE2 release in YAMC and YAMC-Ras cells after
TGF-�1 treatment. Cells were treated with TGF-�1 (5 ng/
ml), and media were collected and analyzed by gas chromatog-
raphy and mass spectrometry at 0, 2, and 8 hours. Arachidonic
acid (15 �m) was added 20 minutes before media collection.
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DISCUSSION

In these experiments we have found that the in-
duction of COX-2 and eicosanoid release were aug-
mented in the presence of activated Ras and that
TGF-�1 caused a further increase in COX-2 in the
Ras-transformed mouse colonocytes. The increase in
COX-2 expression correlated with increased release
of PGE2 and PGI2. Activated Ras and TGF-� each
contributed to increased invasiveness in the colono-
cytes, but treatment with a COX-2 inhibitor did not
prevent invasiveness in either YAMC or YAMC-Ras
cells exposed to TGF-�. Thus we found that TGF-�
collaborates to increase COX-2 expression, prostag-
landin release, and invasiveness in mouse colono-
cytes, but increased COX-2 activity and prostaglan-

din synthesis do not appear to contribute to the
invasive response.

Although the expression of COX-2 is often associ-
ated with neoplastic transformation, the precise role
of COX-2 in this transformation is unclear. We have
previously reported that treatment of RIE cells with
TGF-� causes transient induction of COX-2 and in-
creased prostaglandin production in small intestinal
epithelial cells.36–38 COX-2 mRNA and protein are
markedly increased along with an increase in prosta-
cyclin in RIE cells (RIE-TR) transformed by pro-
longed treatment with TGF-�1.39 Interestingly, the
RIE-TR cells are refractory to growth inhibitory ef-
fects of TGF-� but retain TGF-�–dependent COX-2
overexpression. COX-2 overexpression may contrib-

Fig. 4. Boyden chamber invasion assay analysis of YAMC and YAMC-Ras cells after TGF-�1 treatment.
YAMC and YAMC-Ras cells (1 � 104) were seeded onto type 1 collagen gel and tretaed with TGF-�1 (5
ng/ml) for 24 hours. Membranes were preserved and cells were fixed and stained with methyl alcohol and
crystal violet. A, High-power (�200) microscopic view of membranes. B, Cell counts per high-power
field of YAMC and YAMC-Ras cells after membrane preservation.

Fig. 5. Boyden chamber invasion assay analysis of YAMC and YAMC-Ras cells after TGF-�1 and NS-398
treatment. YAMC and YAMC-Ras cells (1 � 104) were seeded onto type 1 collagen gel and treated with
TGF-�1 (5 ng/ml) and NS-398 (15 to 45 �m) for 24 hours. Membranes were preserved and cells were fixed
and stained with methyl alcohol and crystal violet. A, Cell counts per high-power field for YAMC cells (*P �
0.022; **P � 0.04). B, Cell counts per high-power field for YAMC-Ras cells (*P � 0.0003).
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ute to the tumorigenic potential of dysplastic intesti-
nal epithelial cells by enhancing adhesion to the ex-
tracellular matrix and by inhibition of apoptosis.40

Expression of COX-2 also serves to increase the in-
vasiveness and metastatic potential in human colon
cancer (CaCO2) cells,41 which is in contrast to our
present results. The cause of this different invasive
response is unclear but may be attributed to major
differences in the genetic makeup of these cell lines.

Activated Ras oncogene may have multiple im-
portant roles in tumorigenesis. One of these roles is
the induction of COX-2 expression. We have previ-
ously demonstrated induction of COX-2 and in-
creased PGE2 production in Ha-Ras–transfected
Rat-1 cells20 and RIE cell lines.14 Also, previous stud-
ies in non–small cell lung cancer cells demonstrated
that Ras activation increased the expression of cyto-
solic phospholipase A, an enzyme that releases
arachidonic acid from cellular phospholipid stores,
thus allowing it to be available for the cyclooxygen-
ase enzymes.42 Together these observations suggest
that increased prostanoid production may be an im-
portant phenotypic consequence of Ras activation.
In this context it is interesting that activated Ras sen-
sitizes cells to TGF-�–mediated COX-2 induction,
as we have observed in small intestinal epithelial
cells14 and now in mouse colonocytes.

Transformation of cells to the invasive phenotype
with metastatic potential is characterized by several
alterations in gene expression and the cell and tissue
plasticity. TGF-� has been demonstrated to be a po-
tent modulator of epithelial to mesenchymal transi-
tion for keratinocytes and mammary cells.43–46 In the
present study we have demonstrated the increase in
invasive potential of these cells in the setting of Ras
activation, and this is enhanced after treatment with
TGF-�1. COX-2 enzyme inhibition with NS-398
failed to downregulate invasiveness in either cell line,
suggesting that downstream effects of Ras activation
and TGF-� signaling other than prostaglandin pro-
duction contributes to the invasive phenotype.

CONCLUSION

Colorectal carcinogenesis often involves both ac-
tivated Ras signaling and increased expression of
TGF-�. Additionally, there is evidence that COX-2
plays an important role in early intestinal neoplasia
and that TGF-�1 is a potent inducer of COX-2 ex-
pression. In this study we have demonstrated that in-
duction of COX-2 and eicosanoid release were aug-
mented by activated Ras and TGF-�1 in mouse
colonocytes. Both Ras and TGF-� signaling contrib-
ute to invasiveness in a collaborative manner. COX-2

activity appears to not be involved in the invasive
phenotype induced by Ras and TGF-�.
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Postprandial Absorptive Augmentation of 
Water and Electrolytes in the Colon 
Requires Intraluminal Glucose

 

Michael L. Kendrick, M.D., Nicholas J. Zyromski, M.D., Toshiyuki Tanaka, M.D.,
Judith A. Duenes, B.A., Karen Libsch, M.D., Michael G. Sarr, M.D.

 

Postprandial absorptive augmentation of water and electrolytes occurs in the small intestine and colon.
The role of intraluminal nutrients in this response is poorly understood. Our aim was to determine
whether postprandial absorptive augmentation of water and electrolytes in the colon requires the pres-
ence of intraluminal glucose. Four adult dogs underwent enteric isolation of a 50 cm segment of proximal

 

colon. An ileal-like electrolyte solution (Na

 

�

 

, 130 mEq/L; K

 

�

 

, 10 mEq/L; Cl

 

�

 

, 115 mEq/L; and HCO

 

3

 

�

 

,
25 mEq/L), alone or containing glucose (10 mmol/L), was infused at 4 ml/min into the colonic segment.
Experiments were performed during fasting and postprandially after a 400 Kcal mixed-nutrient meal. Ef-
fluent was collected in 60-minute intervals after steady state was achieved. Net absorptive flux of water

 

was increased in the presence of intraluminal glucose during the fasted state (11 

 

�

 

 0.8 vs 7.4 

 

�

 

 0.9 

 

�

 

l/min/

 

cm, 

 

P

 

 

 

�

 

 0.01). The net absorptive flux of water and electrolytes increased postprandially only in the pres-
ence of intraluminal glucose (

 

P

 

 

 

�

 

 0.05). Our finding that glucose augments both baseline and postpran-
dial absorption of water and electrolytes in the proximal colon suggests that luminal factors have a role in
postprandial absorptive augmentation. Whether this is specific to glucose or occurs with other nutrients
remains to be determined. ( J G

 

ASTROINTEST

 

 S

 

URG

 

 2002;6:310-315.) © 2002 The Society for Surgery

 

of the Alimentary Tract, Inc.

K

 

EY

 

 

 

WORDS

 

: Colon, electrolyte, absorption, postprandial, glucose

 

In the postprandial state, absorption of water and
electrolytes is augmented in the small and large intes-
tine.

 

1–5

 

 This postprandial absorptive augmentation
has been well described in the small intestine. The
specific segment of small intestine (jejunum vs. ileum),
luminal constituents, extrinsic neural innervation, and
caloric content of the meal all contribute to the mag-
nitude of this response.

 

1,2,6,7

 

 The response is predomi-
nantly initiated by luminal nutrients in the jejunum,

 

1,3

 

and the precise mechanisms of water and electrolyte

 

absorption are largely dependent on Na

 

�

 

/glucose and
Na

 

�

 

/H

 

�

 

 transporters.

 

8–11

 

In the colon, however, the phenomenon of post-
prandial absorptive augmentation is less clearly defined.
With the use of short, 20 cm segments of proximal or
distal colon, it has been shown that postprandial ab-
sorptive augmentation does exist in the colon.

 

4,5

 

 Pilot
attempts to reproduce these findings in our laboratory

failed to demonstrate a postprandial absorptive aug-
mentation in the proximal colon (unpublished data).
However, one major difference in our study design
was the omission of glucose or other nutrients from
the test solution infused into the colon. Based on this
observation, we hypothesized that postprandial aug-
mentation of absorption of water and electrolytes does
not occur in the absence of intraluminal glucose. The
following experiments were designed to determine
whether intraluminal glucose is required for the post-
prandial absorptive augmentation of water and elec-
trolytes in the proximal canine colon.

 

METHODS
Experimental Design

 

Four adult mongrel dogs underwent complete en-
teric isolation of the proximal 50 cm of colon. Colonic
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absorption of water and electrolytes was determined
during fasting and postprandial states using an ileal-
like electrolyte infusate with or without glucose.

 

Canine Preparation

 

Healthy female dogs, weighing 18 to 22 kg, were
used according to the standards set forth by the In-
stitutional Animal Care and Use Committee of Mayo
Foundation in accordance with the guidelines of the
National Institutes of Health and the United States
Public Health Service policy on the humane care and
use of laboratory animals. Dogs were anesthetized
by means of intravenous sodium methohexital (12.5
mg/kg) and maintained with endotracheal isoflurane.
All dogs underwent a two-stage operation similar to
our previous preparation to study colonic absorp-
tion.

 

12

 

 Stage 1 consisted of a short, lower midline ce-
liotomy with ligation of the mesenteric colonic vas-
cular arcade just proximal to the inferior mesenteric
vein. This maneuver promotes diversion of venous
drainage of the more distal colon through the infe-
rior mesenteric and rectal venous pathways rather
than proximally via the middle colic vein, thereby
preventing venous congestion after proximal colonic
isolation.

 

12

 

 Dogs were allowed to recover for 1 week
before stage 2, in which the colon was transected
both at the ileocecal junction after excision of the
cecum (equivalent to the human appendix) and just
proximal to the site of the previous mesenteric ar-
cade ligation, thereby enterically isolating a 50 cm
segment of proximal colon. Enteric continuity was
restored via an ileo-descending colostomy. The en-
terically isolated colonic segment was then con-
structed as a modified Thiry-Vella loop. An infusion
catheter (outside diameter 

 

�

 

 2 mm) was inserted
into the proximal end of the segment and sutured in
place, embedded into a metal cannula, and exterior-
ized through the right lateral abdominal wall. The
distal end of the colonic segment was exteriorized
through the left lateral abdominal wall as a standard
colostomy. For the first 2 to 3 days, the dogs were
given scheduled doses of intramuscular butorphanol
for pain and maintained on parenteral fluids and elec-
trolytes before ad libitum feeding was allowed. Af-
ter a 2-week recovery, absorptive experiments were
begun.

 

Conduct of Experiments

 

All absorptive experiments were conducted in
conscious dogs resting comfortably in a Pavlov sling

 

after an overnight fast. Two separate infusate solu-
tions were used: (1) a basal, ileal-like, isosmolar solu-
tion, containing Na

 

�

 

, 130 mEq/L; K

 

�

 

, 10 mEq/L;
Cl

 

�

 

, 115 mEq/L; HCO

 

3

 

�

 

, 25 mEq/L; and polyethyl-
ene glycol (PEG), 5 g/L, labeled with 

 

14

 

C-PEG, 5

 

�

 

Ci/L; and (2) the same basal solution but also con-
taining 10 mmol/L glucose. The prewarmed (38

 

�

 

 C)
solutions were infused continuously at 4 ml/min via
the exteriorized catheter into the proximal end of the
colonic segment (Fig. 1). All effluent was collected
from the distal stoma and analyzed at specified inter-
vals. For the first hour, all effluent was collected in
15-minute intervals to confirm steady-state condi-
tions using percentage recovery of the nonabsorb-
able marker 

 

14

 

C-PEG (Table 1). Steady-state condi-
tions were defined by a recovery of more than 90%
of the total amount of marker infused per interval;
thereafter, all subsequent samples were used for ab-
sorptive calculations. After establishment of a steady
state, effluent was collected for an additional 1 hour
during the fasted state. Dogs were then fed a 400
Kcal mixed-nutrient meal (Alpo; Friskies Company
Inc., Glendale, California), which all dogs ate regu-
larly within approximately 2 minutes. Effluent was
then collected in 60-minute intervals for 4 hours
postprandially. Absorptive experiments were re-
peated on four separate days for each test solution (8
experiments per dog).

 

Analytic Methods

 

Concentrations of sodium and potassium were de-
termined using flame photometry (Beckman Kline
Flame; Beckman Instruments, Fullerton, California)
and chloride using a chloridometer (Corning 920 M
Chloridometer; Corning Scientific Instruments, Med-
field, Massachusetts). Concentrations of the nonab-
sorbable marker 

 

14

 

C-PEG were determined by liq-
uid scintillation (Beckman LS 7800; Beckman
Instruments). Net absorptive fluxes of water (

 

�

 

l/
min/cm) and electrolytes (

 

�

 

Eq/min/cm) were calcu-
lated using standard formulas (see Table 1). The
mean individual values of net absorption for each
dog over the four experiments for each test solution
were calculated. A final mean was then calculated
across all dogs for each test solution.

 

Statistical Analysis

 

Comparisons between test solutions were performed
during both fasted and fed conditions using a paired
Student’s 

 

t

 

 test. Data are presented as mean 

 

�

 

 SEM.
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RESULTS
General Health of Animals

 

All dogs remained healthy with formed stools and
similar subjective health for the duration of the study.
No obvious differences were noted between dogs in
terms of appearance of the colonic stoma or in base-
line output between experiments.

 

Fasting Absorption

 

Net absorptive fluxes of water during fasting, ex-
pressed as 

 

�

 

l/min/cm, are shown in Fig. 2. In the
fasted state, net absorptive flux of water was greater
(

 

P

 

 

 

�

 

 0.01) in the presence of intraluminal glucose
(see Fig. 2). Similarly, the net absorptive flux of Na

 

�

 

and Cl

 

�

 

 absorption was greater when glucose was
present in the infusate (Figs. 3 and 4). Net absorptive
flux of K

 

�

 

 was negative (representing a net secretion

 

into the lumen) and did not differ between the two
test solutions (Fig. 5).

 

Postprandial Absorption

 

Net absorption flux of water postprandially, ex-
pressed as 

 

�

 

l/min/cm, is shown in Fig. 2. Postprandi-
ally, the net absorptive flux of water did not differ
from the fasted state when the segment was infused
with basal solution that did not contain glucose. In
contrast, in the presence of intraluminal glucose, post-
prandial absorption of water increased in the first hour
and continued to increase each hour, up to 4 hours af-
ter feeding (

 

P

 

 

 

�

 

 0.01). In addition, the presence of in-
traluminal glucose increased the net absorptive flux of
water during each postprandial time period compared
to basal solution without glucose (

 

P

 

 

 

�

 

 0.001).
Net absorptive fluxes of sodium and chloride were

unchanged postprandially in the absence of glucose

Fig. 1. Technique of infusion and recovery of simple electrolyte solution into an enterically isolated co-
lonic segment.

 

Table 1.

 

 Recovery and net absorptive flux calculations for water and electrolytes

 

Recovery 

 

�

 

[

 

14

 

C-PEG] effluent 

 

	

 

 volume effluent/[

 

14

 

C-PEG] infusate 

 

	

 

 volume infusate
Flux 

 

H

 

20

 

 

 

�

 

PR 

 

	

 

 1 

 

�

 

 [

 

14

 

C-PEG] infusate/[

 

14

 

C-PEG] effluent
Flux ion 

 

�

 

PR 

 

	

 

 [Ion] infusate 

 

�

 

 [Ion] effluent 

 

	

 

 [

 

14

 

C-PEG] infusate/[

 

14

 

C-PEG] effluent

 

PEG 

 

�

 

 polyethylene glycol; PR 

 

�

 

 perfusion rate.
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but were increased in the presence of intraluminal
glucose, similar to the change in water flux (see Figs.
3 and 4). Net flux of potassium did not change post-
prandially with either solution (Fig. 5).

 

DISCUSSION

 

This study demonstrates that postprandial absorp-
tive augmentation in the canine proximal colon does
not occur with the use of ileal-like electrolyte solu-
tions devoid of nutrients; however, the presence of
intraluminal glucose provides a permissive mecha-
nism to allow the postprandial absorptive augmenta-
tion of water and electrolytes to occur. In addition,

we have shown that intraluminal glucose enhances
baseline colonic absorption of water and electrolytes
during both fasted and postprandial states.

After a meal, there is an increased absorption of
water and electrolytes in the small intestine known as
postprandial absorptive augmentation. This physio-
logic response has been well characterized. The mag-
nitude of the response is greater in the ileum than in
the jejunum

 

2

 

 and is greater with increasing caloric
content of the meal.

 

1

 

 The signal for this response ap-
pears to originate predominantly from the jejunum
by intraluminal nutrients

 

1,3

 

 and is altered but not
abolished by loss of extrinsic neural innervation.

 

6,7

 

 In
addition, cholinergic and opioid pathways appear to
contribute to the response.

 

13–15

 

 Sodium transporters
have been implicated in the mechanisms mediating

Fig. 2. Net absorptive flux of H2O during fasting and post-
prandial states using colonic infusate with and without glu-
cose. Dark gray � basal; light gray � basal plus glucose; n �
4; *P � 0.01 vs. fasting within each group; †P � 0.01 vs. basal
solution (mean � SEM).

Fig. 3. Net absorptive flux of Na� during fasting and post-
prandial states using colonic infusate with and without glu-
cose. Dark gray � basal; light gray � basal plus glucose; n �
4; *P � 0.01 vs. fasting within each group; †P � 0.01 vs. basal
solution (mean � SEM).

Fig. 4. Net absorptive flux of Cl� during fasting and post-
prandial states using colonic infusate with and without glu-
cose. Dark gray � basal; light gray � basal plus glucose; n �
4; *P � 0.01 vs. fasting within each group; †P � 0.01 vs. basal
solution (mean � SEM).

Fig. 5. Net absorptive flux of K� during fasting and postpran-
dial states using colonic infusate with and without glucose.
Dark gray � basal; light gray � basal plus glucose; n � 4; * P �
0.01 vs. fasting within each group; † P � 0.01 vs. glucose solu-
tion (mean � SEM).
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the augmented absorption of water and electrolytes.
In the jejunum, the Na�/glucose transporter appears
to mediate this response.10,11 In the ileum, however,
the Na�/H� transporter appears responsible for the
absorptive augmentation, as blocking the Na�/H�

transporter abolishes the postprandial absorptive
augmentation.8,9

A postprandial absorptive augmentation has also
been described in the colon4,5; however, the mecha-
nisms mediating this response are poorly character-
ized. It is unknown whether this response is sensitive
to specific anatomic regions of the colon, caloric
content of the oral meal, extrinsic innervation, or in-
traluminal nutrients, or whether certain transport
processes mediate this response. Using an isolated
20 cm distal colonic segment, Ashton et al.4 demon-
strated a postprandial absorptive augmentation in
the distal canine colon. This response has also been
demonstrated in the proximal canine colon16 and
proximal colon of the pig.5

In our laboratory, pilot experiments were unable
to validate this response in an isolated 50 cm segment
of proximal colon (unpublished data). We surmised
that this discrepancy was based on differences in ex-
perimental design. Previous studies have used in vivo
models of short, 20 to 25 cm colonic test segments.
Our model used a 50 cm segment, perhaps reflecting
a more overall colonic effect. More important, previ-
ous studies used test solutions containing nutrients
such as glucose, other carbohydrates, or normal ileal
effluent. Conversely, our previous experiment used
an ileal-like electrolyte solution devoid of nutrients.
Thus we hypothesized that glucose may afford a per-
missive role in the postprandial response. The aim of
this study was to determine whether the presence of
intraluminal glucose was necessary for the postpran-
dial absorptive augmentation of water and electro-
lytes in the canine proximal colon.

We have shown that a postprandial absorptive
augmentation of water and electrolytes does not oc-
cur with an ileal-like electrolyte solution devoid of
nutrients. When glucose alone was added to the
electrolyte solution, an increase in absorption of wa-
ter and electrolytes was observed similar in character
to previous reports of postprandial absorptive aug-
mentation. These findings suggest that intraluminal
glucose is necessary for the postprandial absorptive
response.

The potential mechanisms by which intraluminal
glucose may permit postprandial augmented absorp-
tion are intriguing. Unlike the small intestine, the
colon has no specific receptors for absorption of sug-
ars. Long et al.17 demonstrated, more than 30 years
ago, that glucose absorption in the human colon is
insignificant or zero. Although Hines et al.18 demon-

strated a small amount of SGTL1 messenger RNA
expression in rat colonocytes after small bowel resec-
tion, there are no data to suggest the presence of spe-
cific glucose receptors or absorption of glucose in the
colon. Rather, unabsorbed carbohydrate is largely
converted to volatile fatty acids by the anaerobic bac-
terial flora.19–21

Whether this effect is specific for glucose only, or
whether other nutrients (carbohydrates, short-chain
fatty acids, amino acids, etc.) are capable of this per-
missive effect in the postprandial absorptive aug-
mentation, cannot be determined from this study.
The products of carbohydrate fermentation in the
colon, short-chain fatty acids, may be responsible for
this response. N-butyrate, the predominant fuel source
for the colonocyte, is one plausible explanation. Bu-
tyrate is important in the absorption of Na� via the
electroneutral Na�/H�—Cl�/HCO3

� exchange, which
is thought to predominate in the absorption of so-
dium from the proximal colon.22,23 Short-chain fatty
acids are thought to increase Na� absorption by re-
cycling of H� within the cell as short-chain fatty ac-
ids enter the colonocyte. This H� is then used in the
Na�/H� exchange to transport Na� into the cell.24

Although this seems plausible, bacterial decontami-
nation of the colon reduced the formation of volatile
fatty acids by 90%, yet did not affect postprandial
water absorption.5

Peptide YY has been shown to play a role in co-
lonic postprandial absorptive augmentation. Both in-
travenous and intraluminal peptide YY augment co-
lonic absorption in vivo.16,25 Immunoneutralization
of circulating peptide YY with peptide YY antibody
inhibits the postprandial absorptive augmentation,
suggesting its potential role in this response. Further,
cholecystokinin stimulates release of peptide YY, whereas
MK329, a receptor antagonist, blunts the colonic
postprandial absorptive augmentation.26 These find-
ings highlight the fact that humoral factors, in addi-
tion to luminal factors (glucose), are important in
mediating the colonic postprandial absorptive aug-
mentation.

We have also shown that intraluminal glucose en-
hances baseline absorption of water and electrolytes.
The influence of intraluminal glucose in baseline
water and electrolyte absorption in the colon is con-
troversial. In vitro experiments have not consistently
demonstrated an effect of glucose on baseline water
and electrolyte absorption.27–29 Few in vivo studies
are available that specifically evaluate the effects of
glucose or its absence in colonic absorption, and re-
sults of these studies are confounded by the use of
other carbohydrates such as mannitol, which under-
goes bacterial fermentation to glucose in the colon.28,30

Our findings clearly demonstrate that intraluminal
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glucose increases both the fasted and postprandial
baseline absorption of water and electrolytes in an in
vivo model. This finding is intriguing, and whether
glucose or the products of its fermentation stimulate
sodium transporters, promote secretion of peptide
YY, or mediate some other absorptive mechanisms is
unknown.

CONCLUSION

We have demonstrated that intraluminal glucose
enhances both fasting and postprandial absorption of
water and electrolytes, and has a permissive role in
the postprandial absorptive augmentation of water and
electrolytes in the proximal canine colon. Whether
glucose, specifically, or the products of fermentation
mediate this response remains to be determined.

We thank Deborah I. Frank for her secretarial assistance, and
Ethicon, Inc., for the surgical staplers used in the preparation of the
dog model.
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Perioperative Resting Pressure Predicts
Long-Term Postoperative Function
After Ileal Pouch–Anal Anastomosis

 

Amy L. Halverson, M.D., Tracy L. Hull, M.D., Feza Remzi, M.D.,
Jeffery P. Hammel, Tom Schroeder, M.D., Victor W. Fazio, M.D.

 

The purpose of this study was to determine whether perioperative manometry is useful in predicting
long-term functional status after ileal pouch–anal anastomosis (IPAA). Prospectively collected periopera-
tive anal manometry data from 1439 patients undergoing IPAA from 1986 to 2000 were compared to
postoperative functional status at various time intervals from 6 months to 8 years after IPAA. A validated
questionnaire was used to obtain information regarding restrictions of diet, work, social and sexual activ-
ity, urgency, fecal seepage or incontinence, energy level, satisfaction with surgery, and quality of life. The
presence of seepage and the degree of incontinence were compared to the patient’s perceived quality of
life, health, energy level, and satisfaction with surgery. Low (

 

�

 

40 mm Hg) pre- and postoperative resting
pressures were associated with increased seepage, pad use, and incontinence. Patients with low resting
pressures also reported diminished quality of life, health, energy level, and satisfaction with surgery.
There was a significant association (

 

P

 

 

 

�

 

 0.001) between seepage and degree of incontinence and quality
of health, quality of life, energy level, and level of satisfaction with surgery. Perioperative resting anal
sphincter pressures greater than 40 mm Hg are associated with significantly better function and quality of
life after ileal IPAA. Improved functional outcome is associated with better quality-of-life outcomes. Low

 

preoperative resting pressures do not preclude successful outcome after IPAA. ( J G

 

ASTROINTEST

 

 S

 

URG

 

2002;6:316–321.) © 2002 The Society for Surgery of the Alimentary Tract, Inc.
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The ileal pouch procedure is an alternative to a
permanent end ileostomy for patients who require a
total proctocolectomy. The majority of patients expe-
rience good continence after this procedure. How-
ever, approximately 25% to 30% will experience
some degree of fecal incontinence, and 10% to 62%
will experience a small amount of anal seepage.

 

1–7

 

Pouch failure due to incontinence has been reported
in 6% to 30% of patients whose pouches have been
excised or are nonfunctional. Overall pouch failure
due to incontinence occurs in less than 1% of all pa-
tients undergoing IPAA.

 

6,8

 

Although several studies have evaluated perioper-
ative anal sphincter tone, pouch compliance, sensa-
tion, and pudendal nerve motor function, the extent
to which each of these factors contributes to postop-
erative incontinence has not been well established.

 

9–15

 

In contrast to preoperative incontinence, in which
active rectal disease is a contributing factor, inconti-
nence after IPAA is generally not associated with ur-
gency and is more likely the result of poor sphincter
function.

At our institution, candidates for restorative procto-
colectomy with ileal pouch–anal anastomosis (IPAA)
routinely undergo perioperative manometric assess-
ment of sphincter function. Although there is no
specific level below which patients are refused sur-
gery, identifying low anal sphincter pressures allows
one to counsel patients about possible increased risk
of seepage or frank incontinence. Also, patients with
low anal sphincter pressures are instructed on per-
forming Kegel exercises to help strengthen their
sphincter muscles before completing the pouch pro-
cedure.
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presentation).
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We hypothesized that low perioperative anal
sphincter pressures are associated with poorer post-
operative functional outcome and that functional
outcome correlates with patient’s perceived quality
of life.

 

MATERIAL AND METHODS

 

Preoperative anal sphincter manometry was rou-
tinely performed on patients before creation of an
IPAA. Most patients had a diverting loop ileostomy
created at the time of their pouch surgery and had
manometric testing repeated before closure of the
loop ileostomy. Anal sphincter pressures at rest and
at maximal squeeze were measured with the patient
in the lateral decubitus position using a four-channel
water perfusion catheter. Each catheter port was
connected to a pressure transducer, and the signal
was displayed on a chart recorder (Medtronics, Inc.,
Minneapolis, Minnesota). Pressures are measured at
1 cm intervals with the patient at rest and after ask-
ing the patient to squeeze the anal sphincter. Normal
anal sphincter pressures are considered to be greater
than or equal to 40 mm Hg at rest and 100 mm Hg
at maximal squeeze.

A previously validated, self-administered ques-
tionnaire was used to obtain information regarding
urgency, fecal seepage, fecal incontinence, pad use,
activity restrictions, and quality-of-life factors in pa-
tients with a functioning pelvic pouch.

 

8

 

 Urgency was
defined as inability to defer bowel movement for
more than 30 minutes. Urgency and incontinence
were classified as occurring “never, rarely, some-
times, mostly, or always.” Patients responded to
questions about seepage during the day or night, pad
use, and restriction of diet, work, social activities, or
sexual activities with “yes” or “no.” On a scale of 1 to
10, with 10 being the best, patients were asked to
rate their current quality of life, quality of health, en-
ergy level, and satisfaction with the results of sur-
gery. Patients completed the questionnaire at the ini-
tial postoperative visit and at subsequent follow-up
visits. Patients who had their long-term follow-up
elsewhere were periodically sent questionnaires by
mail or were contacted by telephone. All information
was recorded prospectively in a computer database.

 

Statistical Analysis

 

Logistic regression analysis was used to compare
pre- and postoperative resting and squeeze anal
sphincter pressures to the presence of incontinence,
seepage, pad use, and activity restrictions. Linear re-
gression was used to compare the manometric data

 

to the postoperative quality-of-life scores. 

 

t

 

 Tests
were used to assess the statistical significance of asso-
ciations between the functional status and quality-
of-life outcomes. The magnitude of decrease from
preoperative resting pressure compared to postoper-
ative resting pressure was compared to functional
outcome using linear regression analysis. We also
compared sex and diagnosis to functional outcome
by the logistic and linear regression methods. Func-
tional and quality-of-life outcome was evaluated at
various time intervals: 6 months (

 

�

 

2 months), 1 year
(

 

�

 

4 months), 1.5 to 2.5 years, 2.5 to 5 years, and 5 to
8 years. When patients were seen more than once
during a particular time interval, the follow-up point
closest to the center of the interval was used for anal-
ysis. 

 

P

 

 values were corrected for age and sex with

 

P

 

 

 

�

 

 0.05 considered significant.

 

RESULTS

 

Our IPAA database contained anal sphincter man-
ometric information and follow-up questionnaire
data from 2084 patients who underwent IPAA be-
tween 1986 and 2000. Both prepouch and preileo-
stomy closure manometric data and information
from at least one follow-up questionnaire were avail-
able for 1439 of patients (69%). For many patients,
questionnaire data were available from more than
one follow-up time interval (Table 1). Some ques-
tionnaires were not filled out completely, which ac-
counts for the variation in patient numbers between
the different symptom categories (Tables 2 and 3).
Ulcerative colitis was the diagnosis in 1134 patients.
Indeterminate colitis and Crohn’s disease were the
diagnoses in 139 and 67 patients, respectively.
Ninety-eight patients had familial adenomatous
polyposis. One patient had colonic aganglionosis
(Hirschsprung’s disease). The median age was 38
years (range 10 to 77 years). Males comprised 55.5%
of the patients.

Low (

 

�

 

40 mm Hg) pre- and postoperative resting
pressures were associated with increased rates of in-
continence, daytime and night-time seepage, and
pad use (see Table 2). The maximal squeeze anal
sphincter pressures did not consistently correlate
with outcome (Table 3). Patients experiencing in-
continence or seepage reported a lower average
quality of life, health, energy level, and degree of sat-
isfaction with surgery (Table 4).

There was a significant (

 

P

 

 

 

�

 

 0.001) decrease in
median resting anal sphincter pressure from 77 mm
Hg (range 13 to 175 mm Hg) preoperatively to 52
mm Hg (range 10 to 145 mm Hg) measured before
closure of the ileostomy. There was a similar de-
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crease in median squeeze pressure from 183 mm Hg
(range 25 to 447 mm Hg) perioperatively to 154 mm
Hg (range 24 to 440 mm Hg) measured before loop
ileostomy closure (

 

P

 

 

 

�

 

 0.001). When evaluating pre-
pouch manometry with manometry done after pouch
surgery, but before ileostomy closure, the sphincter
pressures measured before the initial pouch surgery
had a similar correlation with postoperative function
and quality of life as did anal sphincter pressures
measured before ileostomy closure.

A greater magnitude of the drop between pre- and
postoperative (measured before ileostomy closure)
resting pressures correlated with increased daytime
seepage and incontinence at 6 months, 1 year, and
the 1.5- to 2.5-year intervals. There was a significant
association between the percentage drop in resting
anal sphincter pressure and night-time seepage at all
follow-up intervals except the 2.5- to 5-year interval.
Patients with higher preoperative resting pressures
were more likely to have a greater drop in pressure
postoperatively; 

 

r

 

 

 

�

 

 0.69.
The perioperative resting pressures were not con-

sistently predictive of diet restriction, social activity,
work activity, or sexual activity. There was no signif-
icant difference when comparing sex or diagnosis of
ulcerative colitis to familial adenomatous polyposis.

 

DISCUSSION

 

Our results show that perioperative manometry is
useful for predicting both postoperative function and
quality of life. These results support earlier studies in
which low preoperative resting sphincter tone was
demonstrated to correlate with postoperative conti-
nence.

 

10–15

 

 Prior studies from this institution and
elsewhere have demonstrated that worse functional
outcome corresponds to a lower quality of life.

 

8,16

 

Other studies have been unsuccessful in demonstrat-
ing a correlation between perioperative resting pres-
sures and outcome or between functional outcome
and patients’ perceived quality of life.

 

17–19

 

 Our study
has the advantages of having a large number of pa-
tients and of having patient follow-up at multiple
time points using an ileal pouch–specific, validated
questionnaire to assess quality of life and functional
outcome.

Assessment of preoperative resting pressure al-
lows the surgeon to better counsel patients regarding
expected postoperative results, thus providing the
patient with realistic expectations after pelvic pouch
surgery. Low resting sphincter pressures may un-
cover intrinsic sphincter deficiencies previously clin-
ically silent or not noticed because of other symp-
toms of the primary disease. Incontinence may become
clinically significant after IPAA because of changes
in other factors important in maintaining continence
such as sensation, compliance, and pudendal nerve
motor function. All of these factors are not routinely
measured postoperatively in our patients after IPAA.

In a previous study from this institution, Church
et al.

 

20

 

 observed that the higher the preoperative
resting anal sphincter pressure, the greater the drop

 

Table 1.

 

 Number of patients at each follow-up time 
interval

 

6 mo 1 yr 1.5–2.5 yr 2.5–5 yr 5–8 yr

 

N 621 699 801 963 710

 

Table 2.

 

 Resting anal sphincter pressure vs. functional status

 

Outcome
Sphincter pressure

(mm Hg) 6 mo 1 yr 1.5–2.5 yr 2.5–5 yr 5–8 yr

 

Incontinence

 

�

 

40 27/121
(22.3%)

31/102 
(30.4%)

45/138 
(32.6%)

64/167 
(38.3%)

52/135 
(38.5%)

 

�

 

40 44/362
(12.2%)

72/305 
(23.6%)

104/415 
(25.1%)

132/510 
(25.9%)

110/38.7 
(28.4%)

 

P

 

 value 0.001 0.003 0.001

 

�

 

0.001

 

�

 

0.001
Day seepage

 

�

 

40 39/92 
(37%)

29/88 
(33%)

42/118 
(35.6%)

41/153 
(26.8%)

36/119 
(30.3%)

 

�

 

40 36/272 
(13.2%)

44/271 
(16.2%)

53/360 
(14.7%)

73/474
(15.2%)

56/37
(15%)

 

P

 

 value

 

�

 

0.001 0.001

 

�

 

0.001

 

�

 

0.001

 

�

 

0.001
Night seepage

 

�

 

40 48/93 
(51.6%)

41/88 
(46.6%)

58/118 
(49.2%)

66/152 
(43.4%)

59/121 
(48.8%)

 

�

 

40 81/275 
(29.5%)

79/277 
(28.5%)

107/360 
(29.7%)

165/478 
(34.5%)

123/376 
(32.7%)

 

P

 

 value

 

�

 

0.001 0.001 0.001 0.002

 

�

 

0.001

 

Number with outcome/total number.
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in the resting pressure after IPAA and that a greater
drop in pressure correlated with worse functional
outcome. Although we continue to observe this rela-
tionship, the pre- and postoperative resting pressures
remain more consistent predictors of outcome than
when compared to the change in pressure.

Although patients with a lower resting pressure
are more prone to problems with seepage or inconti-
nence, less than half of this subgroup will report ei-
ther of these symptoms. Although there was a sig-
nificant difference in quality-of-life scores between
patients with low resting pressures (

 

� 

 

40 mm Hg)
and those with normal resting pressure (

 

�

 

 40 mm
Hg), the mean scores for patients with resting anal
sphincter pressures less than 40 mm Hg were still

greater than 8 on a scale from 1 to 10 at each follow-
up interval. Thus, despite having lower resting pres-
sures and quality-of-life scores, these patients do not
view their quality of life negatively.

One weakness of this report is that there was no pre-
operative assessment of the patients’ function and qual-
ity of life. Pemberton et al.

 

4

 

 previously reported that
patients with higher stool frequency preoperatively are
more prone to postoperative incontinence. Other stud-
ies have reported improvement in anal sphincter pres-
sures after loop ileostomy closure.

 

5,17

 

 Anal sphincter
manometric data were not routinely obtained after clo-
sure of the loop ileostomy. These data would have been
useful to compare long-term changes in sphincter pres-
sures with functional outcome.

 

Table 3.

 

 Maximal-squeeze anal sphincter pressure vs. functional status

 

Outcome
Sphincter pressure

(mm Hg) 6 mo 1 yr 1.5–2.5 yr 2.5–5 yr 5–8 yr

 

Incontinence

 

�

 

100 24/235 
(10.2%)

42/203 
(28%)

55/266 
(20.7%)

80/323 
(24.8%)

73/264 
(27.7%)

 

�

 

100 54/290 
(18.6%)

77/275 
(28%)

11/368 
(30.2%)

145/480 
(30.2%)

107/338 
(31.7%)

 

P

 

 value 0.22 0.03 0.06 0.001 0.003
Day seepage

 

�

 

100 28/169 
(16.6%)

28/170 
(16.5%)

35/226 
(15.5%)

46/294 
(15.6%)

36/258
(14%)

 

�

 

100 59/228 
(25.9%)

65/247 
(26.3%)

70/327 
(21.4%)

96/451 
(21.3%)

72/324 
(22.2%)

 

P

 

 value 0.091 0.02 0.025 0.13 0.016
Night seepage

 

�

 

100 53/173
(30.6%)

49/169 
(29%)

70/224 
(31.3%)

96/297 
(32.3%)

86/258 
(31%)

 

�

 

100 98/231 
(42.4%)

91/252 
(36.1%)

122/331 
(36.9%)

169/449 
(37.6%)

121/327 
(37%)

 

P

 

 value 0.062 0.21 0.28 0.25 0.01

 

Number with outcome/total number.

 

Table 4.

 

 Mean quality-of-life outcomes vs. functional status

 

Functional status

Mean score for quality of

Life Health Energy Satisfaction with surgery

 

Incontinence
“Sometimes, mostly, 

always” 7.96 7.87 7.28 8.18
“Never, rarely” 8.96 8.71 8.13 9.28
Daytime seepage

Yes 7.78 7.63 7.04 7.90
No 8.85 8.65 8.07 9.21

Night-time seepage
Yes 8.17 8.08 7.41 8.49
No 8.93 8.68 8.15 9.24

 

P

 

 value 0.001 for each comparison of means by a 

 

t

 

 test. Values are computed on the basis of 1.5- to 2.5-year outcomes (available n 

 

�

 

 801).
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CONCLUSION

 

Perioperative resting anal sphincter pressures
greater than 40 mm Hg are associated with significantly
better function and quality of life after IPAA. Improved
functional outcome is associated with better quality-of-
life outcomes. Low preoperative resting pressures do
not preclude successful outcome after IPAA.

 

We thank Jane Bast, R.N., Miriam Preen, R.N., and Elena Ma-
nilich for their time and dedication in collecting data and maintain-
ing our ileal pouch database.
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Discussion

 

Dr. B.A. Orkin

 

 (Washington, D.C.): The question I
have is, did you differentiate between the type of ileoanal
anastomosis in these patients? Were they all stapled, were
they sewn, and did you notice a difference, because I think
that has been shown in the past?

 

Dr. A. Halverson:

 

 Yes, we did notice a difference be-
tween patients who had a stapled anastomosis and patients
who underwent a mucosectomy. The ability of the resting
sphincter pressures to predict outcome was similar whether
the patient had a stapled or a hand-sewn anastomosis. We
did find, as previous studies have shown, that patients with
a stapled anastomosis had decreased seepage and decreased

incontinence compared to patients with a hand-sewn anas-
tomosis. These data are being written up in a separate re-
port that compares our long-term outcome in patients
with stapled vs. hand-sewn anastomoses. That is why I did
not specifically present those data here.

 

Dr. Orkin:

 

 So should we use these data to differentiate
patients who should have a pouch or are we just going to
caution them?

 

Dr. Halverson:

 

 There are two important advantages to
identifying patients who have a low resting pressure: (1)
managing patients’ expectations is one consideration, and
sometimes, in patients who have low resting pressures, we
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will teach them to do Kegel exercises to try and improve
their sphincter tone so that when they have their loop ileo-
stomy closed they have a better outcome. Managing pa-
tients’ expectations plays a big role in how they interpret
the success of their operations.

 

Dr. K.A. Kelly

 

 (Scottsdale, AZ): I have one comment
and one question. I notice that the anal squeeze pressures
you recorded after the ileal pouch—anal canal operation at
the time of ileostomy closure were lower than those before
the operation. We have also measured anal squeeze pres-
sures, but we did this months and years after ileostomy
closure. We found that these pressures were actually in-
creased compared to before the operation. I believe that
the discrepancy rests with the timing of the recordings.
We believe that as our patients recover from surgery and
start using their sphincters again, the striated muscle of
the anal canal actually becomes hypertrophied. A stronger
squeeze pressure then results.

My question relates to the fact that 40% to 50% of
your patients had fecal incontinence after surgery, a figure

that is higher than most of us have reported. It may have
to do with how one defines incontinence. Could you
please let us know how you did so?

 

Dr. Halverson:

 

 Sure. I think if you go back and study
our graph of incontinence, and if you review the literature,
the general range reported for incontinence following
IPAA is around 25% to 30%, and that is for all comers.

You will note that this is broken up into two groups. So
in our patients who have normal resting pressure, the in-
continence is less than 30%, which fits in with the re-
ported data in the literature, and this group of patients
with low resting pressure is the group that has the higher
rate of incontinence. If you take the whole group and put
their data together, it is consistent with the rest of the lit-
erature.

One of the big problems in assessing incontinence is
that every time someone presents their findings on out-
come of incontinence, they use a different grading system
for incontinence. There is no uniform incontinence scale.
That is a problem.

 

Invited Discussion—Expert Commentator

 

Keith A. Kelly, M.D. 

 

(Scottsdale, AZ): Dr. Halverson’s
paper showed clearly that preserving the anal sphincter does
improve the quality of life after operation in patients under-
going the ileal pouch-anal canal procedure. However, there
is kind of a tradeoff here. The best way to protect the
sphincter is not to get near it or touch it. Yet, if we do that
by using a double staple anastomosis of pouch to distal rec-

tum, we leave diseased mucosa behind in the proximal anal
canal. However, if we remove all of the diseased mucosa, in-
cluding that of the proximal anal canal, we run the risk of
damaging the sphincter. We struggle with this at Mayo, and
I don’t know that we have the right answer. We have tended
to favor resecting all the diseased mucosa, but do recognize
that some sphincter damage occurs with this.
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One Hundred Consecutive Cases of Sentinel Lymph 
Node Mapping in Early Colorectal Carcinoma: 
Detection of Missed Micrometastases

 

Thomas F. Wood, M.D., Dean T. Nora, M.D., Donald L. Morton, M.D., F.A.C.S., 
Roderick R. Turner, M.D., Decio Rangel, M.D., F.A.C.S., William Hutchinson, M.D., F.A.C.S., 
Anton J. Bilchik, M.D., Ph.D., F.A.C.S.

 

Almost one third of patients with “node-negative” colorectal carcinoma (CRC) develop systemic disease.
This implies that these patients have occult disease that is inadequately treated by surgery alone. We have
coupled sentinel lymph node mapping and a focused pathologic examination to detect occult nodal mi-
crometastases in CRC. Since 1996, sentinel lymph node mapping has been performed in 100 consecutive
patients undergoing colectomy for CRC. Peritumoral injection of 0.5 to 1.0 ml of isosulfan blue dye was
performed to demonstrate the sentinel node(s). All lymph nodes in the resection specimen were examined
by routine hematoxylin and eosin staining. In addition, a focused examination of multiple sections of the
sentinel nodes was performed using both hematoxylin and eosin and cytokeratin immunohistochemical
analysis (CK-IHC). Overall, lymphatic mapping successfully demonstrated one to four sentinel lymph
nodes in 97 (97%) of 100 patients. These sentinel nodes accurately reflected the status of the nodal basin
in 92 (95%) of 97 patients. All five of the false negative cases occurred in T3/T4 tumors, and three of the
five occurred during the first 30 cases in the experience. Unexpected lymphatic drainage was encountered
in eight patients (8%) and altered the operative approach. Twenty-six patients were node positive by rou-
tine hematoxylin and eosin staining. Of the remaining 74 patients with hematoxylin and eosin–negative
nodes, an additional 18 patients (24%) were upstaged by identification of occult nodal micrometastases
that were missed on routine hematoxylin and eosin staining but detected on multiple sections (n 

 

�

 

 5) or
by CK-IHC (n 

 

�

 

 13). The sentinel lymph nodes were the only positive nodes in 19 cases. Sentinel lymph
node mapping may be performed in CRC with a high degree of success and accuracy. A focused patho-
logic examination of the sentinel node detects micrometastatic disease that is missed by conventional
techniques in a significant proportion of patients with early CRC. Further studies are necessary to eluci-
date the clinical relevance of these micrometastases. (J G
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The presence of lymph node metastasis is recog-
nized as the most important prognostic factor in col-
orectal cancer (CRC). Besides its importance in deter-
mining prognosis, the lymph node status is also used
as the primary indicator of systemic disease spread and
the rationale for postoperative adjuvant chemotherapy.
Still, approximately 30% of patients diagnosed with
early CRC (American Joint Committee on Cancer
[AJCC] stage I or II) develop systemic disease. This

implies that this subgroup of patients with early
CRC harbors a minimal but significant amount of oc-
cult disease that is not detected by current techniques.

Ultrastaging techniques such as multiple-level sec-
tioning, immunohistochemical staining, and polymer-
ase chain reaction assays demonstrate the presence of
lymph node micrometastases in a significant propor-
tion of patients whose nodes are negative by routine
hematoxylin and eosin pathologic staining.

 

1–7

 

 Al-
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though the etiology of recurrence in these patients
is likely multifactorial, several retrospective studies
have established a poorer prognosis in those patients
harboring nodal micrometastases demonstrated by
ultrastaging techniques.

 

2,4,6

 

 Because ultrastaging tech-
niques are labor intensive and expensive, we have fo-
cused ultrastaging techniques on the sentinel lymph
nodes. The sentinel nodes are the lymph nodes most
likely to contain early metastases.

 

8

 

 In CRC, lym-
phatic mapping and the sentinel lymph node tech-
nique are used strictly to improve staging by means of
a focused pathologic ultrastaging examination of the
sentinel nodes (the lymph nodes most likely to con-
tain the earliest metastases) and not to limit the ex-
tent of lymphadenectomy as in melanoma and breast
cancer.

We have previously reported our early experience
with sentinel lymph node mapping in CRC at two sep-
arate institutions

 

9,10

 

 and demonstrated the feasibility of
different technical approaches.

 

11

 

 The current series up-
dates our experience in our first 100 consecutive cases
of sentinel lymph node mapping in CRC performed at
the John Wayne Cancer Institute and discusses impor-
tant lessons learned during this experience.

 

METHODS

 

Between August 1996 and November 2000, a total
of 100 consecutive patients undergoing resection for
clinically localized CRC at the John Wayne Cancer
Institute were enrolled in a study of sentinel lymph
node mapping. Informed consent was obtained pre-
operatively from the patients in accordance with an
investigational protocol approved by the Institu-
tional Review Board of Saint John’s Health Center,
Santa Monica, California. Our operative and patho-
logic approaches were previously described.

 

10–12

 

 Most
of the patients were approached via conventional
open colon resection techniques. Recently we have
selectively applied a laparoscopic-assisted technique
in patients preoperatively deemed to have small early
tumors amenable to a laparoscopic-assisted approach.

 

Open Colon Resection Technique

 

Laparotomy and routine operative exploration of
the abdomen were performed. After resectability had
been determined, the involved segment of colon was
mobilized. One milliliter of isosulfan blue dye (Lymp-
hazurin, United States Surgical Corp., Ben Venue
Laboratories, Inc., Bedford, Ohio) was carefully in-
jected subserosally into four quadrants around the pe-
riphery of the tumor using a tuberculin syringe. The
dye traveled from the injection site along the lym-

phatic vessels to the sentinel lymph node(s) typically
within 30 to 60 seconds (Fig. 1). Occasionally, gentle
dissection of the mesentery was performed to trace
the lymphatic path to the sentinel node. Each blue-
stained node was marked with a suture, and colectomy
was performed in the standard fashion, including all
blue nodes in the mesenteric resection specimen. The
specimen was submitted for pathologic review.

 

Laparoscopic Colon Resection Technique

 

A laparoscopic approach was pursued in those pa-
tients interested in such an approach, who preopera-
tively were deemed to have small, early tumors. Pa-
tients were placed on the operating table in the low
lithotomy position. Laparoscopic exploration of the
abdomen was performed to confirm suitability for lap-
aroscopic colon resection and operative ports were
placed according to the specific procedure planned.
The appropriate segment of bowel was mobilized by
sharp dissection of the peritoneal attachments. If the
colonic tumor had not been preoperatively tattooed
and was not directly visible via laparoscopy, intraoper-
ative colonoscopy was performed. The tumor or
polypectomy site was visualized intraluminally via
colonoscope. The site was injected circumferentially in
the submucosa with 1 ml of blue dye through the
colonoscope. The injection allowed the tumor site to
be visualized by the laparoscope. The appropriate seg-
ment of colon and mesentery was exposed and under
the magnification of laparoscopy, the blue dye was fol-
lowed from the primary tumor along the lymphatics to
the sentinel node(s). Each sentinel node was marked
with a clip or suture. A laparoscopic-assisted bowel re-
section was then undertaken. A minilaparotomy was
performed to deliver the specimen. Any additional
sentinel lymph nodes identified were marked with su-
tures. The bowel resection and anastomosis were per-
formed extracorporeally. All blue nodes and lymphat-
ics were included in the mesenteric resection. The
specimen was submitted for pathologic review.

During cases in which the tumor site had been tat-
tooed preoperatively or was visible via laparoscope,
the lymphatic mapping injection was performed under
laparoscopic visualization by a spinal needle placed
percutaneously through the abdominal wall. Again, a
total volume of 1 ml of blue dye was injected subse-
rosally in a circumferential pattern around the pri-
mary tumor site. The remainder of the mapping and
resection technique was as outlined above.

 

Ex Vivo Technique

 

The ex vivo technique was used either as a primary
lymphatic mapping procedure or secondarily for failed
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in vivo attempts at lymphatic mapping. Our technique
was modified from that of Wong et al.

 

13

 

 After comple-
tion of the colectomy, the specimen was immediately
taken to a side table. Lymphatic mapping was then per-
formed on the specimen ex vivo. One to 2 ml of isosul-
fan blue dye was injected either subserosally or submu-
cosally around the tumor. The dye was visualized as it
traveled from the primary site along the lymphatic
channels to the sentinel lymph node(s) within the me-
sentery. Each sentinel node was marked with a suture.
The specimen was submitted for pathologic review.

 

Histopathologic Protocol

 

Pathologic review entailed routine microscopic anal-
ysis of the tumor, margins, and all lymph nodes via
hematoxylin and eosin staining. Lymph nodes were
manually dissected from the mesenteric fat. Rou-
tinely, no chemical fat clearance methods were used.
All identified lymph nodes were bisected, and a sin-
gle section was examined via hematoxylin and eosin
staining. If results were negative, each marked senti-
nel node was examined by a focused technique origi-
nally developed for the examination of sentinel
lymph nodes draining primary breast carcinomas.

 

14

 

The pathologist bisected or sectioned each sentinel
node into slices no thicker than 2 to 3 mm. Paraffin
sections, each approximately 4 

 

�

 

m thick, were cut at
two levels separated by 200 

 

�

 

m. One section from
each level was stained with hematoxylin and eosin
and another with CK-IHC. A false negative sentinel
lymph node was defined as sentinel node that con-
tained no tumor cells when one or more nonsentinel
nodes in the specimen were positive for tumor.

 

Immunohistochemical Staining. 

 

Paraffin sections
for CK-IHC were placed on charged slides (Super-
frost Plus M6416-plus, Baxter Diagnostics Inc., Mc-
Gaw Park, IL). A standardized procedure used an
automated immunostainer (Ventana ES, Ventana

 

Medical Systems, Tucson, Arizona) with enzyme di-
gestion (protease 1) of tissue sections for 8 minutes
and AE-1/AE-3 CK antibody (Dako Corp., Carpin-
teria, CA) staining (1:200 dilution) for 32 minutes.
Diaminobenzidene was the chromogen. Immunohisto-
chemical stains were interpreted according to strict
criteria that required strong immunoreactivity com-
bined with microanatomic and cytologic features
compatible with CRC.

 

RESULTS

 

Patient Demographics

 

The study group consisted of 49 men and 51 women
whose average age was 68 years (range 28 to 97 years).
Primary tumors were in the right colon (n 

 

�

 

 47), trans-
verse colon (n 

 

�

 

 6), left colon (n 

 

�

 

 5), sigmoid colon
(n 

 

�

 

 20), or rectum (n 

 

�

 

 22). In vivo lymphatic map-
ping was undertaken during 79 open colon resections
and 15 laparoscopic colon resections. Ex vivo lymphatic
mapping was undertaken in 12 cases, six of which were
primary procedures. In the other six cases, an ex vivo
technique was attempted as a salvage secondary lym-
phatic mapping procedure after a failed attempt during
open colon resection; therefore, 106 lymphatic map-
ping procedures were undertaken in our 100 patients.

 

Lymphatic Mapping Success Rates

 

Overall, lymphatic mapping successfully demon-
strated at least one sentinel lymph node in 97 (97%)
of 100 cases (Table 1). There were, however, eight
patients in whom a primary lymphatic mapping pro-
cedure undertaken at open colon resection failed to
demonstrate a sentinel node (Fig. 2). All of these fail-
ures occurred among the first 50 cases in our series.
The first two of these failures occurred before we be-
gan using the ex vivo technique as a salvage proce-
dure. Of the remaining six cases, we were able to

 

Table 1.

 

 Success and accuracy rates of lymphatic mapping in 100 consecutive cases of CRC

 

Approach n
Mapping 
successful

Average no. of nodes
(range)

Accuracy*Total Sentinel

 

In vivo
Open 79 71 (90%) 15 (3–28) 2 (1–4) 68/71 (96%)
Laparoscopic 15 15 (100%) 12 (2–20) 2 (1–3) 14/15 (93%)

Ex vivo 12 11 (92%) 16 (8–24) 2 (1–3) 10/11 (91%)
Overall 106

 

†

 

97/100 (97 %) 15 (2–28) 2 (1–4) 92/97 (95%)

 

*Accuracy correspondence between the sentinel lymph node status (metastasis positive or negative) and the regional lymph node basin status as a
whole.

 

†

 

Overall, 106 lymphatic mapping procedures were performed in the 100 patients. In six patients in whom in vivo mapping failed to map a senti-
nel node, attempts were via the ex vivo approach. Five of these were salvaged by the ex vivo approach, that is, one or more sentinel lymph nodes
were successfully mapped.
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salvage five of them by using ex vivo lymphatic map-
ping to successfully map at least one sentinel node.
Interestingly, the single instance in which both a pri-
mary and a secondary (ex vivo) lymphatic mapping
procedure failed to map a sentinel node occurred in a
patient who was found to have 13 of 15 lymph nodes
positive for metastases, including nodes replaced with
tumor. Two of the three cases in which a sentinel
node was never identified occurred in patients with
low rectal tumors approached during the first half of
our experience. Overall, an average of two sentinel
lymph nodes were identified in each case (range 1 to
4), and the average number of nodes harvested from
each CRC specimen was 15 (range 2 to 28). There
were no failures in identifying at least one sentinel
node in our last 50 cases, and no ex vivo salvage map-
ping procedures were necessary during this period.

 

Aberrant Lymphatic Drainage

 

In most cases, the sentinel lymph nodes were near
the primary tumor. However, we noted some varia-
tions in lymphatic drainage during our experience.
We detected primary lymphatic drainage to sentinel
nodes outside the margins of conventional colon re-
section in eight cases; we have termed this aberrant
lymphatic drainage. In these cases, the operation
performed was altered to include the aberrant senti-
nel nodes within the field of resection. Specifically,
in five cases, the sentinel lymph nodes were mapped
at a distance from the primary tumor deep at the
base of the mesentery, requiring a more extensive
mesenteric resection than is normally performed. Al-
though we routinely perform oncologically appro-
priate mesenteric resections with high ligation of the
colic arteries, we do not routinely ligate them flush
with the respective mesenteric artery, and we do not
routinely ligate the inferior mesenteric artery flush
with the aorta for left-sided lesions. In these five
cases, however, the sentinel lymph nodes were in fact
found adjacent to the mesenteric arteries, outside the
margins of our conventional resection.

The three other cases of aberrant drainage in-
volved right colon carcinomas (two cecal and one
midascending colon) in which the sentinel node was
mapped to the left of the middle colic vessels. Inter-

Fig. 2. Among our first 50 cases, we had eight patients in
whom our primary attempt at lymphatic mapping (LM) was
unsuccessful, that is, a sentinel node (SN) was not mapped.
Six of these failures occurred in rectal tumors. Ex vivo LM
was attempted in six patients as a secondary, salvage LM pro-
cedure. One or more sentinel nodes were successfully mapped
in five of the patients. The one case in which both primary
and secondary LM attempts failed was a patient with rectal
cancer with extensive nodal and lymphatic disease.

Fig. 1. Shortly after a subserosal injection of isosulfan blue
dye, a lymphatic channel can be followed to the sentinel node.
Typically, one to four sentinel nodes are mapped during each
lymphatic mapping procedure.

Fig. 3. In this case, a lymph node that was replaced with a tu-
mor likely led to a false negative sentinel node. The photomi-
crograph on the left demonstrates a mesenteric lymph node
that has been extensively replaced with metastatic colon can-
cer (hematoxylin & eosin stain). The normal nodal architec-
ture has been distorted and the subcapsular sinus has been
obliterated by the metastatic tumor. Because of the degree of
lymphatic involvement with tumor, the blue dye bypassed the
true sentinel node, which was replaced with tumor, and
flowed to a false negative sentinel node. The normal-appear-
ing nodal architecture of the false negative sentinel node is
demonstrated in the photomicrograph on the right.
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estingly, in two of these cases, the aberrantly mapped
sentinel lymph nodes were the only positive nodes in
the specimen. In one of these cases, the metastases
were detected only by CK-IHC. However, in the
second case, the metastases were large enough to be
detected by routine hematoxylin and eosin staining.

 

Sentinel Node Accuracy Rates

 

Identified sentinel lymph nodes accurately re-
flected the status of the nodal basin in 92 (95%) of 97
patients (see Table 1). All five false negative cases oc-
curred in T3 and T4 tumors, and three of these oc-
curred during the first 30 cases of the experience. A
critical review of the false negative cases revealed
possible technical explanations for four of the five
failures. In two of these cases, the hematoxylin and
eosin–positive nodes were replaced with tumor (Fig.
3). In another case, the only “positive” node was a
nonsentinel node involved with tumor by direct ex-
tension (T4). This case could be arguably classified
as negative for nodal metastasis. In the fourth case, a
technical error was made during percutaneous injec-
tion of the blue dye at laparoscopic-assisted left co-
lon resection. In this patient, a preoperatively placed
colonoscopic tattoo with carbon dye was inadvert-
ently placed in an area 2 to 3 cm from the tumor it-
self. The tumor was not visible laparoscopically so
the blue dye was injected circumferentially around
the tattoo. Although a blue node was found and
marked as a sentinel node, it was falsely negative.

 

Detection of Occult Micrometastases

 

Twenty-six patients were node positive by routine
hematoxylin and eosin staining. Eighteen other pa-
tients had evidence of occult micrometastatic disease
by a focused pathologic examination of the sentinel
lymph nodes, thereby upstaging an additional 24%
(18 of 74) to node positive. In five of these patients,
micrometastases were detected by hematoxylin and
eosin staining of multiple sections, whereas in the re-
maining 13 patients micrometastases were docu-
mented only on sections stained by CK-IHC. As dis-
cussed earlier, another patient was upstaged not by
the focused pathologic examination, but rather by
mapping of an aberrant sentinel lymph node that was
found to be positive by routine hematoxylin and
eosin staining. This node would not have been re-
sected and analyzed had the lymphatic mapping pro-
cedure not been performed.

Increasing tumor (T) stage was related inversely
to the probability of isolated metastases in the senti-
nel node. In 100% (1 of 1) of node-positive T1 tu-
mors, 86% (6 of 7) of node-positive T2 tumors, 47%

(15 of 32) of node-positive T3 tumors, and 0% (0 of
5) of node-positive T4 tumors, the sentinel nodes
were the only nodes to contain tumor (Table 2). In
the majority of cases in each tumor stage (excluding
T4), isolated nodal disease in the sentinel lymph
nodes was in the form of micrometastatic disease de-
tected only by a focused pathologic examination (1 of
1 T1, 5 of 6 T2, and 12 of 15 T3 tumors).

 

DISCUSSION

 

Standard pathologic methods of harvesting and
studying lymph nodes from the resected colon speci-
mens vary from one institution to another. Sampling
error may lead to understaging and can occur when
informative lymph nodes are not harvested for exam-
ination. Special harvesting techniques may reveal
small nodes (

 

�

 

5 mm) that are often missed; these
small occult nodes can frequently contain metastatic
deposits.

 

15,16

 

 Additionally, routine histologic lymph
node examination techniques may also lead to un-
derstaging. Routinely, lymph nodes are bisected and
only one or two sections are examined by hematoxy-
lin and eosin staining, leaving more than 99% of the
node unexamined. However, special pathologic ex-
amination of multiple sections of the numerous lymph
nodes revealed by these special harvesting techniques
is expensive and time consuming. A means of focus-
ing an ultrastaging examination on the lymph nodes
most likely to harbor the earliest evidence of me-
tastasis is desirable from both a logistical and eco-
nomic standpoint.

Application of lymphatic mapping and the senti-
nel lymph node technique facilitates just such a fo-
cused pathologic examination. Unlike in melanoma
and breast cancer, the application of the sentinel
node technique in CRC is not intended to limit un-
necessary lymphadenectomy. Conversely, we have
found that in a small number of our patients, the
technique actually led us to perform a more aggres-
sive resection that occasionally provided us with im-
portant staging information that otherwise would
not have been obtained. However, the primary ob-
jective of the technique in CRC is to carefully exam-
ine the sentinel lymph nodes when there is no evi-
dence of metastases on routine hematoxylin and
eosin histologic staining. Because lymph node status
remains paramount in staging of CRC, we hypothe-
size that it is in this patient group that the demon-
stration of missed micrometastases might shed light
on why a disturbing number of patients with “node-
negative” CRC go on to have recurrences.

We did not perform CK-IHC on multiple sections
of nonsentinel nodes in our current study because of
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cost and time constraints. Our collaborators at Mich-
igan State University performed CK-IHC on all neg-
ative nonsentinel lymph nodes in their first 25 cases.
They found that only 0.6% of these initially negative
nonsentinel nodes contained evidence of microme-
tastases. These data demonstrate that the detection
of micrometastases in the sentinel lymph node is not
solely due to increased histologic sampling.

 

17

 

Our experience with 100 consecutive cases of lym-
phatic mapping in CRC demonstrates important ca-
veats to keep in mind when applying this technique
to CRC. Although the technique is simple with a rel-
atively steep learning curve, we did have problems
early in our experience, especially with rectal cancer.
We believe that cases of rectal cancer are the most
difficult with which to become comfortable. Because
the majority of mapping failures early in our experi-
ence occurred with rectal cancer (6 of 8) (see Fig. 2),
we modified our technique. We now perform a near-
complete mobilization of the rectum and mesorec-
tum before injecting the blue dye. This allows obser-
vation of the mesorectum and the ability to resect
the specimen to more thoroughly examine the me-
sorectum for the sentinel lymph nodes(s). Cases of
rectal cancer, to a greater extent than cases of intra-
peritoneal colon cancer, often require active dissection
of the mesentery to follow the lymphatic channel from
the primary tumor site to the sentinel lymph node(s).
Although we have not experienced a primary map-
ping failure in cases of rectal cancer during the sec-
ond half of our experience, the ex vivo mapping
technique is especially advantageous in rectal cancer
and may be used as either an accurate primary or sal-
vage lymphatic mapping procedure. Our experience
has also demonstrated that a heavy lymphatic and
nodal tumor burden may affect both the success and
accuracy of the technique. The only case in which we
were unable to localize a sentinel node after both
primary and salvage lymphatic mapping attempts
was in a case of rectal cancer with extensive nodal
disease (13 of 15 nodes positive). Similarly, two of
the false negative cases could be explained by tumor
replacement of the node and lymphatic vessels lead-

ing to the true sentinel node, causing the blue dye to
take a path of lesser resistance to a noninvolved node.
However, it is important to remember that in these
cases of obvious nodal involvement, the technique is
unlikely to provide useful staging information.

Preliminary studies have demonstrated the prog-
nostic significance of the molecular detection of tu-
mor DNA or RNA in the blood or bone marrow of
patients with colon cancer.

 

18–20

 

 Other investigators
have hypothesized that molecular tumor genotyping
will someday provide important prognostic and clin-
ically useful information.

 

21

 

 Although these techno-
logically advanced and specialized assays are likely to
be extremely informative in the future, currently
they are not generally available and reproducible in a
clinical setting. At present, lymph node status re-
mains the single most important and practical prog-
nostic factor in CRC.

Although the prognostic importance of nodal sta-
tus by routine hematoxylin and eosin staging has
been proved, the prognostic significance of nodal
micrometastatic disease remains unclear. Whereas a
number of small retrospective studies have failed to
demonstrate a difference in survival between those
with micrometastatic disease and those with node-
negative disease,

 

1,3

 

 other similarly small studies have
demonstrated a significant survival advantage in
those patients without evidence of micrometastatic
disease.

 

2,4,6

 

 It is possible that the negative studies
may have been problematic because of sampling er-
ror. In our current series, we have used a focused
pathologic examination of the sentinel lymph node(s)
to detect micrometastases in a significant number
(24%) of patients with hematoxylin and eosin–nega-
tive lymph nodes. A prospective trial that includes a
standardized focused examination of the sentinel lymph
node seems the method most likely to accurately sep-
arate those with early metastatic disease from those
who are truly node negative and to determine the
prognostic value of nodal micrometastases in CRC.

Although a significant proportion of patients with
early-stage (AJCC stage I or II) CRC develop sys-
temic disease, treatment of this group of patients

 

Table 2.

 

 Relationship of tumor stage to lymph node status

 

Tumor 
stage n

Node 
negative

Node 
positive

Positive node(s) confined to 
sentinel lymph node(s)

Cases upstaged by detection of occult 
micrometastases in sentinel node

 

T1 25 24 1 1 1
T2 23 16 7 6 5
T3 46 15 31 15 12
T4 6 1 5 0 0
Totals 100 56* 44* 22 18

 

*Lymph node status after focused pathologic examination. By routine hematoxylin and eosin staining, 26 patients were node positive.
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with chemotherapy is currently controversial. To
date, no prospective randomized trials have specifi-
cally addressed whether chemotherapy provides a
survival advantage over surgery alone in stage I or
stage II colon cancer. Two published meta-analyses
have attempted to provide insight into this question
by pooling patients with Duke’s stage B colon cancer
from available adjuvant therapy trials. In the United
States, the National Surgical Adjuvant Breast and
Bowel Project (NSABP) analyzed patients with
Duke’s B colon cancer included in its C-01, C-02,
C-03, and C-04 trials.

 

22

 

 The group concluded that
patients with Duke’s B colon cancer who are treated
with chemotherapy seemed to benefit and that che-
motherapy should be routinely considered in these
patients. Besides the inherent weakness of this study
as a meta-analysis, it has also been criticized because
none of its four trials investigated the standard adju-
vant regimen of 5-fluorouracil/leucovorin (5-FU/
LV) versus surgery alone. A separate international
multicenter group recently published the results of a
meta-analysis (IMPACT B2) that specifically pooled
patients with Duke’s B2 colon cancer from five sepa-
rate trials in which 5-FU/LV was the treatment
used.

 

23

 

 This study found no improvement in event-
free or overall survival with adjuvant therapy at more
than 5 years’ median follow-up. Thus the clinical
benefit of adjuvant chemotherapy in early-stage
CRC remains unclear.

Notwithstanding, it is likely that certain sub-
groups of patients with early-stage CRC might in-
deed benefit from adjuvant therapy. In the future,
certain phenotypic and genotypic/molecular charac-
teristics of the primary tumor and lymph nodes
might provide a means by which to stratify patient
risk of recurrence after resection of early-stage CRC.
Just as is currently the case in breast cancer, it is
highly probable that future pathologic analyses of
CRC specimens will include a panel of both pheno-
typic and genotypic information important not only
for prognosis and systemic chemotherapy consider-
ations, but also for genotypic targeted therapy. Per-
haps even more important than determining which
patients might benefit from chemotherapy, this in-
formation should be crucially important to help de-
termine which patients have an excellent prognosis
and definitely should not be treated with chemother-
apy. To better elucidate the prognostic significance
of phenotypic and genotypic characteristics of nodal
micrometastases in CRC and to determine how
these factors might play a part in a comprehensive
staging schema, we have initiated a prospective trial
that is focused on an in-depth analysis of sentinel
lymph nodes including immunohistochemical analysis
and molecular studies (NCI 1R01CA90848-01, An-

ton J. Bilchik, M.D., Ph.D., Primary Investigator).
This prospective study includes long-term follow-up
of patients with nodal micrometastases to determine
the natural history of these “earliest metastases.”

 

CONCLUSION

 

Sentinel lymph node mapping can be performed
in carcinoma of the colon and rectum with a high de-
gree of success and accuracy similar to that currently
achieved in melanoma and breast cancer. Although
the sentinel lymph node technique in CRC is not in-
tended to minimize the extent or morbidity of resec-
tion as in melanoma or breast cancer, it facilitates a
focused pathologic examination of the lymph nodes
most likely to harbor early metastases, the sentinel
nodes. This focused examination of the sentinel
lymph nodes detects evidence of micrometastatic
disease that is missed by conventional techniques in a
significant percentage of patients with early-stage
CRC. Future studies will determine the prognostic
significance of nodal micrometastases in CRC.
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Discussion

 

Dr. M. Zenilman 

 

(Brooklyn, NY):

 

 

 

Did you find
evidence of any skip lesions? When we started with the
breast sentinel node dissections, studies were performed to
determine whether or not there were skips of the node by
metastatic lesions. Did you see any of that in the colon?

Second, why can’t you argue that ultimately this new
technique will allow limited colon resections to include
the tumor and specific nodal basin rather than continuing
to perform formal resections?

 

Dr. T. Wood: 

 

With regard to skip metastasis, when
we went back and looked at our five false negative cases,
we did not see any that we would specifically refer to as
skip metastasis. As I did show, two of the five cases were
what might be termed a skip metastasis in that probably

the sentinel lymph node completely replaced the lym-
phatic flow with tumor, and thus skipped around the true
sentinel lymph node, going to a nonsentinel lymph node.
So if you consider that a skip metastasis, we did see that in
two of our five false negative cases.

As far as using the sentinel lymph node technique in co-
lon cancer to minimize the operation, a lymphadenectomy
in colon cancer, unlike in breast cancer and melanoma, re-
ally adds no morbidity to the procedure. So we are not ad-
vocating a change in the criteria for colon resection, ex-
cept in those few cases where aberrant drainage is found,
because, as we have shown, we had two cases where we
found positive sentinel lymph nodes outside the field of a
normally performed colon cancer operation.

 

Invited Discussion—Expert Commentator

 

Keith A. Kelly, M.D. 

 

(Scottsdale, AZ):

 

 

 

Dr. Wood’s pre-
sentation on the use of the sentinel lymph node in colon can-
cer brought up a number of interesting points. He presented
data to show that patients who have micro-metastases in
their sentinel lymph nodes actually have a worse prognosis
that patients who did not. He clearly pointed out that identi-

fying the sentinel lymph nodes allows the pathologist to do
detailed studies on these nodes and find micro-metastases,
which might otherwise have been missed.

The other point interesting to me was the fact that “ab-
errant” lymph pathways were identified using the sentinel
lymph node technique. The isosulfan blue did not always
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proceed to the regional lymph nodes expected to receive
lymph drainage from the tumor site. I suppose if the usual
regional lymph nodes were filled with cancer cells, the
lymph flow might be blocked through those nodes and
then more aberrant pathways would be likely to appear.

However, Dr. Wood did show at least one patient
where the usual regional nodes were not blocked by can-

cer cells and yet the sentinel lymph node was in an ab-
normal or unexpected location. We have certainly found
this at our Clinic in dealing with sentinel lymph nodes in
melanoma patients. Thus, the sentinel lymph node tech-
nique may direct us to do a more complete removal of
lymph nodes for colon cancer than we otherwise would
have done.
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Marko Kornmann, M.D., Karl H. Link, M.D., Inga Galuba, Kati Ott,
Wolfgang Schwabe, Ph.D., Peter Häusler, Ph.D., Peter Scholz, Jörn Sträter, M.D.,
Sucan Polat, M.D., Bernhard Leibl, Erika Kettner, M.D., Christoph Schlichting, M.D.,
Wolfram Baumann, M.D., Harald Schramm, M.D., Ute Hecker, M.D.,
Karsten Ridwelski, M.D., Jürgen H. Vogt, M.D., Klaus-Ullrich Zerbian, M.D.,

 

Frank Schütze, M.D., Ernst D. Kreuser, M.D., Detlev Behnke, Ph.D., Hans G. Beger, M.D.

 

Patients with International Union Against Cancer (UICC) stage IIb and III colon cancer and stage II and
III rectal cancer may receive adjuvant chemotherapy with 5-fluorouracil (5-FU). High levels of thymidy-
late synthase (TS) and dihydropyrimidine dehydrogenase (DPD) have been associated with resistance to
5-FU in advanced colorectal cancer. The aim of this study was to investigate the association of TS and
DPD mRNA levels with recurrence-free survival in patients with colorectal cancer who are receiving ad-
juvant 5-FU–based chemotherapy. TS and DPD mRNA quantitation was retrospectively performed in
primary colorectal cancer specimens from patients receiving adjuvant 5-FU using a reverse transcription–
polymerase chain reaction technique. The median TS mRNA level in patients with a recurrence (n 

 

�

 

142) was 0.68, and in patients without a recurrence (n 

 

�

 

 206) the median level was 0.80 (

 

P

 

 

 

�

 

 0.01). Pa-

 

tients with a recurrence who had a low TS level (TS 

 

� 

 

0.9; n 

 

�

 

 102) had a median recurrence-free
survival of 18 months (range 3.0 to 54 months), and those with a high TS level (TS 

 

� 

 

0.9; n 

 

�

 

 40) had
a median recurrence-free survival of 11 months (range 1.7 to 53 months; 

 

P

 

 

 

�

 

 0.0024). There was no dif-
ference in the median recurrence-free survival of patients with low and high DPD mRNA levels. The TS
mRNA level may be a useful marker to predict the time to recurrence in patients with colorectal cancer
who are receiving adjuvant 5-FU treatment. ( J G
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 2002;6:331–337.) © 2002 The
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Thymidylate synthase (TS) is a key enzyme for
DNA synthesis

 

1

 

 and is irreversibly blocked by 5-flu-
orouracil (5-FU) after its conversion to 5-fluoro-
deoxyuridine monophosphate.

 

2

 

 Several clinical studies
have demonstrated that high TS mRNA or protein
levels correlate with resistance to 5-FU in several gas-
trointestinal malignancies.

 

3–5

 

 Moreover, the better re-

sponse rate of low-TS colorectal cancers to palliative
treatment with 5-FU/leucovorin was associated with
a better prognosis.

 

6,7

 

In addition to TS, dihydropyrimidine dehydroge-
nase (DPD) may also play a key role in 5-FU resis-
tance. DPD catalyzes the initial and rate-limiting
step of 5-FU catabolism. Thus the DPD levels in liver
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cells and in tumor cells may strongly influence the
pharmacologic effect of 5-FU.

 

8

 

 Several studies have
demonstrated that high levels of DPD are associated
with resistance to 5-FU in the treatment of gas-
trointestinal malignancies.

 

9

 

However, the importance of TS and DPD expres-
sion for adjuvant 5-FU treatment is still unknown.
The aim of the present study was to retrospectively
analyze the association between intratumoral TS and
DPD mRNA levels and survival in patients who have
a recurrence during or after adjuvant 5-FU therapy.
We now report that patients with recurring disease
who had high TS levels had a shorter time to recur-
rence than patients with low TS levels.

 

PATIENTS AND METHODS
Patients and Adjuvant Therapy

 

Patients with colon and rectal cancer who had un-
dergone curative (R0) primary tumor resection and re-
ceived subsequent adjuvant chemotherapy were entered
into our study. All patients were registered at our study
center in our adjuvant multicenter trials FOGT-1 or
FOGT-2 (study group of gastrointestinal tumors). Pa-
tients received adjuvant treatment when they were clas-
sified as having International Union Against Cancer
(UICC) stage IIb (T4pN0) or stage III (pT1–
4pNpositive) colon cancer or UICC stage II (pT3–
4pN0) or stage III (pT1–4pNpositive) rectal cancer
with complete (R0) resection.

 

11

 

 All patients in arm A re-
ceived 5-FU (450 mg/m

 

2

 

 for 60 to 120 minutes weekly)
with levamisol (3 

 

�

 

 50 mg/day for 3 days biweekly). In
arm B, folinic acid (200 mg/m

 

2

 

 for 10 minutes weekly)
was added before 5-FU to the regimen of arm A, and in
arm C subcutaneous interferon-

 

�

 

 (6 

 

�

 

 10

 

6

 

 immunizing
units 3 times weekly) was added to the regimen of arm
A.

 

11

 

 All patients in the FOGT-2 trial received postoper-
ative radiation to the pelvis in a dose of 50.4 Gy. Treat-
ment lasted until week 52 after the operation.

 

Clinical Evaluation

 

Recurrence-free survival was computed as the num-
ber of days from the start of adjuvant treatment to the
time of recurrence at any site, and survival was the
number of days from the start of adjuvant treatment to
death from any cause or until data from patients who
were still alive were evaluated.

 

Total RNA Extraction From 
Paraffin-Embedded Tissue

 

Three 10 

 

�

 

m sections were prepared from primary
tumor blocks that contained at least 50% tumor cells.
RNA from paraffin-embedded tissue was extracted ac-

 

cording to the previously described method

 

12,13

 

 and
transcribed into cDNA.

 

Thymidylate Synthase and Dihydropyrimidine
Dehydrogenase mRNA Quantitation

 

TS and DPD quantitation was carried out by means
of a real-time fluorescence detection method (Taq-
Man PCR, Applied Biosystems, Foster City, California)
based on the recently described procedure.

 

10,14

 

 Poly-
merase chain reaction was carried out for each gene of
interest, and 

 

	

 

-actin was used as an internal reference
gene.

 

15

 

 Relative TS and DPD gene expression values
using 

 

	

 

-actin as the denominator correlated closely with
the TS and DPD protein content.

 

16,17

 

 Relative gene ex-
pression of TS and DPD was determined based on the
threshold cycles of each gene in relation to the thresh-
old cycle of the corresponding internal standard 

 

	

 

-ac-
tin.

 

11

 

 Primers and polymerase chain reaction conditions
used have been described previously.

 

11

 

Statistical Analysis

 

Statistical analysis was performed using SAS soft-
ware (SAS Institute, Inc., Cary, North Carolina). Data
are shown as median and range, and are graphically ar-
ranged with the use of box plots. When indicated, the
Mann-Whitney rank-sum test was used. For analysis
of the association between recurrence-free survival and
TS and DPD levels, Kaplan-Meier plots were drawn.
To determine the cutoff points for TS and DPD for
recurrence-free survival, the log-rank test was used. A

 

P 

 

value 

 

�

 

0.05 was taken as the level of significance.

 

RESULTS
Patients

 

The aim of this study was to investigate the correla-
tion between TS and DPD levels and recurrence-free
survival. Therefore we first retrospectively analyzed the
available specimens of all patients from five centers who
had participated in the FOGT-1 or FGOT-2 study.
Because only about 30% of these patients had a recur-
rence, we subsequently analyzed primary tumor speci-
mens of patients with a known recurrence from six
additional centers in order to increase the number of
patients with tumor recurrence. The median follow-up
was 32.4 months (range 4.0 to 79.8 months).

 

Thymidylate Synthase and Dihydropyrimidine
Dehydrogenase Determination

 

Results of TS and DPD quantitation from paraf-
fin-embedded tissue were available for 352 patients.
Four patients were excluded from the subsequent anal-
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ysis because the sections used for quantitation origi-
nated from liver (n 

 

�

 

 3) or skin (n 

 

�

 

 1) metastases
and not from primary tumors. The characteristics of
the remaining 348 patients are presented in Table 1.

 

Association of Thymidylate Synthase and
Dihydropyrimidine Dehydrogenase
Expression With Recurrence

 

With respect to most clinical parameters, there was
no significant difference between the cohorts with and
without a recurrence (see Table 1). However, patients
with a tumor recurrence (n 

 

�

 

 142) had a median TS
level of 0.68 (range 0.12 to 6.07) and patients without
a recurrence (n 

 

�

 

 206) had a median TS level of 0.80
(range 0.12 to 7.21, 

 

P

 

 

 

�

 

 0.01; Fig. 1, 

 

A

 

). There was no
significant difference in the DPD levels of patients
with or without a recurrence (Fig. 1, 

 

B

 

).

 

Association of Thymidylate Synthase and
Dihydropyrimidine Dehydrogenase Levels With
Survival in Patients With a Recurrence

 

As the next step, we investigated the association of
TS and DPD levels with survival in patients with re-
curring disease (n 

 

�

 

 142). Patients with a recurrence
who had lower TS levels tended to have a longer re-

 

Table 1.

 

 Characteristics of patients with and without 
recurring disease

 

Recurrence No recurrence

No. % Total No. % Total

 

Total 142 206
Sex

Female 54 38 73 35
Male 88 62 133 65

Age

 

�

 

50 yr 14 10 21 10
50 

 

�

 

 x 

 

�

 

 60 54 38 73 35
60 

 

�

 

 x 

 

�

 

 70 47 33 77 37

 

�

 

70 yr 27 19 35 17
Site

Colon 83 58 98 48
Rectum 59 42 108 52

Therapy
A 46 32 56 27
B 56 39 96 47
C 40 28 54 26

Grading
I 1 0 3 1
II 136 96 192 93
III/IV 5/0 4 10/1 6

Invasion depth
T1/T2 0/7 5 3/14 8
T3 125 88 179 87
T4 10 7 10 5

Nodal status
N0 15 11 36 17
N1 88 62 139 68
N2 39 27 31 15

UICC stage
II 15 11 36 17
III 127 89 170 83

Fig. 1. Box plot analysis of TS and DPD mRNA expression
in patients with colorectal cancer who are receiving adjuvant
5-FU chemotherapy comparing patients with (n � 142) and
without (n � 206) a recurrence. A, TS expression. The me-
dian TS level in patients with recurrence was 0.68 (range 0.12
to 6.07) and in patients without recurrence, 0.80 (range 0.12
to 7.21; P � 0.01). B, DPD expression. The median DPD
level in patients with recurrence was 0.23 (range 0.03 to 1.62)
and in patients without recurrence, 0.29 (range 0.01 to 1.23).
The fifth and ninety-fifth percentile points are indicated as
open circles.
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currence-free survival than patients with higher TS
levels. Kaplan-Meier curves showed that this differ-
ence was most evident at a TS level of 0.9 (log-rank
test; 

 

P

 

 

 

�

 

 0.036). Patients with a TS level 

 

�

 

0.9 (n 

 

�

 

102) had a median time to recurrence of 18 months
(range 3.0 to 54 months), and patients with a TS
level 

 

�

 

0.9 (n 

 

�

 

 40) had a median time to recurrence
of 11 months (range 1.6 to 53 months; Table 2). In

Fig. 2 the Kaplan-Meier curves for recurrence-free
survival are plotted for TS levels 

 

�

 

0.9 and 

 

�

 

0.9.
There was no significant difference in the DPD
levels of patients with or without recurrence. The
Kaplan-Meier curves are shown for patients with a
DPD level 

 

�

 

0.4 and 

 

�

 

0.4 for recurrence-free sur-
vival (Fig. 3). We did not find a significant correla-
tion between TS or DPD mRNA levels and overall
survival in patients with recurring disease.

 

DISCUSSION

 

Colorectal cancer is a significant health problem
in the Western world.

 

18

 

 Despite complete clearance
(R0 resection) of the primary tumor, approximately
50% of patients develop a recurrence presumably
because of the disseminated micrometastases that are
present at the time of surgery.

 

18

 

 Adjuvant treatment
with 5-FU/levamisol in colon cancer and 5-FU/levami-
sol in combination with local irradiation in patients with

 

Table 2.

 

 Association of TS and DPD levels with time 
to recurrence in patients with colorectal cancer who 
have a recurrence (n 

 

�

 

 142) after receiving adjuvant 
5-FU chemotherapy

 

Gene expression N
Median time to
recurrence (mo)

95% Confidence
interval

 

TS 

 

�

 

0.9 102 17.6* 13.6–21.0 mo
TS 

 

�

 

0.9 40 11.2 8.8–12.6 mo
DPD 

 

�

 

0.4 102 14.5 12.6–18.6 mo
DPD 

 

�

 

0.4 40 13.0 12.0–18.1 mo

 

*

 

P

 

 

 

�

 

 0.0024 compared to median value of high TS.

Fig. 2. Kaplan-Meier curves for disease-free survival in patients with recurring disease (n � 142) with
low (�0.9) TS levels (dashed line, n � 102) and high (�0.9) TS levels (solid line, n � 40). Log-rank test, P �
0.0092.
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rectal cancer results in a survival benefit. This benefit is
attributed to the eradication of circulating cancer cells
before they become established.18 Nonetheless, approx-
imately 30% of patients with UICC stage II and III
colorectal cancer who receive adjuvant 5-FU/levamisol
treatment still have tumor recurrence. Many of these
patients have already had a recurrence of their tumors
during the first few months of adjuvant chemotherapy.
Obviously these patients do not profit from the adjuvant
treatment. Therefore it would be highly desirable to
identify patients who are the most likely to benefit from
adjuvant 5-FU treatment before the therapy is initiated.

Here we demonstrate, for the first time, that TS
expression may be a predictor of chemotherapeutic
benefit in adjuvant 5-FU therapy in colorectal cancer.
In accordance with previous findings of TS expres-
sion and response to 5-FU in advanced colorectal
cancer,6,7,19 we found in our study that disease-free
survival was significantly lower in patients with high
intratumoral TS levels. It is believed that the 5-FU
concentration achievable in vivo results in inefficient
TS inhibition when tumoral TS expression is high.5

Indeed, half of the patients with recurring disease
with high TS levels had already developed a detect-
able recurrence during the 12-month period of adju-
vant 5-FU treatment. Although survival of patients
who had a recurrence with low TS levels and pa-
tients with high TS levels did not differ significantly
in comparison to the disease-free survival in the two
groups, it is possible that most patients with recur-
ring disease who had high TS levels did not benefit
from the 5-FU therapy used in this study to the same
extent as patients with a recurrence who had low TS
levels. One reason why we only observed a tendency
toward longer survival in patients with recurring dis-
ease who had low TS levels may be the fact that al-
most all patients who had a recurrence received
second-line treatment (e.g., partial liver or lung re-
section or different palliative radiochemotherapy regi-
mens, depending on the physician responsible for
planning treatment). Therefore the number of pa-
tients included in this analysis may be too small to
demonstrate a significant influence on survival, re-
gardless of the secondary treatment strategies.

Fig. 3. Kaplan-Meier curves for disease-free survival in patients with recurring disease (n � 142) with
low (�0.4) DPD levels (dashed line, n � 102) and high (�0.4) DPD levels (solid line, n � 40).
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Interestingly, however, our data suggest that pa-
tients with high TS levels who receive adjuvant che-
motherapy may develop tumor recurrence less fre-
quently than patients with low TS levels. This is in
accordance with similar findings based on immuno-
histochemical analysis and on a small number of pa-
tients with colorectal cancer who were given adjuvant
5-FU–based chemotherapy,16,20 and may be explained
by the variation in the behavior of micrometastases
compared to established tumors. Taken together, our
data on TS expression and recurrence suggest that
patients with high TS expression either do not de-
velop recurrences (24% of all patients) or they tend to
develop them rather quickly (11% of all patients). On
the other hand, patients with low TS expression may
tend to have later recurrences but these recurrences
are more frequent. After our results are confirmed in
prospective studies, these findings may help to indi-
vidualize and optimize adjuvant treatment regimens.

In addition to TS, DPD may play a role in 5-FU
resistance. Unlike several reports which suggested
that DPD may also be a strong marker for 5-FU re-
sponse in the treatment of advanced cancer,10,21,22 we
did not find that DPD had any impact within our ad-
juvant study cohort. Nevertheless, there may be a
trend toward longer disease-free survival in patients
with recurring disease who have low DPD mRNA
levels. Therefore it may be reasonable in the future to
determine DPD levels in addition to TS quantitation.

CONCLUSION

Based on our findings, prospective studies should
aim to determine the importance of TS expression in
recurrence and survival, and the efficacy of different
adjuvant treatment regimens including irinotecan
should also be evaluated.23,24 (Douillard et al.26)
Eventually such selection strategy could prevent 5-
FU toxicity in patients who are unlikely to benefit
from 5-FU/folinic acid with or without levamisol
and probably would allow quicker access to the opti-
mal drug regimen.
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Discussion
Dr. R.A. Hodin (Boston, MA): Do you have a physio-

logic explanation for the survival in terms of the TS levels?

Dr. H. Kornmann: That is attributed, I think, to the
patients with high TS levels who have tumor recurrence;

they really have a worse prognosis, but overall, fewer pa-
tients with high TS levels have a recurrence. Therefore
the overall prognosis is better. But we do not yet know
what the relationship is that causes these patients with high
TS levels to have fewer recurrences.

Keith A. Kelly, M.D. (Scottsdale, AZ): Dr. Kornmann’s
presentation brought to mind that for years we have tested
bacteria before treating them with antibiotics to determine
the sensitivity of the bacteria to various antibiotics. This has
been quite successful. In contrast, using cancer cell cultures

to test chemotherapeutic agents for efficacy has not been so
successful. Dr. Kornmann’s approach looks at specific bio-
chemical functions within cancer cells and then selects anti-
cancer agents on the basis of those biochemical functions.
This provocative idea is worthy of pursuit in the future.
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Impact of Journal Articles and Grand Rounds on 
Practice: CT Scanning in Appendicitis

 

Leigh Neumayer, M.D., M.S., Elizabeth Wako, B.S., Jennifer Fergestaad, M.D., 
Merril Dayton, M.D.

 

The purpose of this study was to determine whether a report in a high-impact journal published in Janu-
ary 1998 changed practice patterns and to further explore the impact of a review of the subject in a de-
partment of surgery grand rounds (January 2000). Charts from all patients undergoing appendectomy at
our institution during three time periods (January to December 1997, January to December 1999, and
January to June 2000) were reviewed. Rates of CT scanning, negative appendectomy, and perforated/
gangrenous appendicitis were compared for the three periods to determine the impact of the journal arti-
cle and the subject review during grand rounds on practice patterns and outcomes. Charts from 230
(88%) of 262 patients who underwent appendectomy during the time periods were available for review.
Age, percentage of male patients, temperature on admission, and white blood cell count did not differ
among the groups. The rate of CT scanning increased significantly from 1997 to 1999 and again in 2000
(6.7%, 43%, and 70%, respectively; 

 

P

 

 

 

�

 

 0.001), whereas the proportion of perforated/gangrenous appen-
dicitis decreased significantly from 33% in 1997 and 31% in 1999 to 13% in 2000 (

 

P

 

 

 

�

 

 0.012). The use of
CT scanning in appendicitis increased both after publication of a report in a high-impact journal and after

 

review during grand rounds. A rate of CT scanning above 45% appeared to affect outcomes as well. (J G

 

AS-

 

TROINTEST

 

 S

 

URG

 

 2002;6:338–341.) © 2002 The Society for Surgery of the Alimentary Tract, Inc.
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Many methods for dissemination of medical infor-
mation are now available. Investigators rely heavily
on peer-reviewed journals for reporting of their re-
sults. However, even when results are reported in
widely read and cited journals, the impact on prac-
tice is not uniform.

 

1,2

 

 Other more intensive interven-
tions, including concurrent on-site training, have
been tried with varying degrees of success.

 

3–5

 

 Interest
generated by a recent report in the literature regard-
ing the usefulness of CT scans in the diagnosis of
appendicitis

 

6

 

 presented an opportunity to explore
the impact of journal articles and grand rounds as
methods of disseminating information and their im-
pact on practice patterns at our academic institution.

In January 1998, Rao et al.

 

6

 

 published a study on
the use of CT scanning in appendicitis. These investi-
gators reported on a series of 100 consecutive patients
with suspected appendicitis who underwent CT scan-
ning preoperatively. CT scans were 98% sensitive and

98% specific in these patients. Thirteen patients were
spared a negative appendectomy and 21 patients had
an appendectomy earlier in the course of their treat-
ment based on interpretation of their CT scans. In
January 2000, a department of surgery grand rounds
entitled “Just Appendicitis” was presented. During
this presentation the article by Rao et al.,

 

6

 

 among oth-
ers, was reviewed. We sought to determine the impact
of this article and the subsequent grand rounds on
practice and outcomes at our institution.

 

MATERIAL AND METHODS

 

Investigators at the University of Utah School of
Medicine were presented with a unique situation in
which to explore how practice patterns change. The
report by Rao et al.

 

6

 

 was published in January 1998
in the highest impact journal (

 

The New England Jour-
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nal of Medicine

 

). In the autumn of 1998, the division
of emergency medicine at our hospital discussed the
article by Rao et al.

 

6

 

 at one of their conferences. In
January 2000, the department of surgery grand
rounds topic was “Just Appendicitis.” During this
presentation the article by Rao et al., along with
other reports on the use of CT scanning in the diag-
nosis of appendicitis, were reviewed.

To determine the baseline rate of CT scanning, we
used information from the calendar year 1997 (the year
prior to publication of the Rao study). To determine
the impact of the Rao publication and review of it dur-
ing the emergency medicine conference, we used infor-
mation from the calendar year 1999. To determine the
impact of the department of surgery grand rounds, we
used information from January through June 2000. All
patients discharged during these periods from the Uni-
versity of Utah Health Care System with the diagnosis
of appendicitis, ICD-9 billing code of appendicitis, or
CPT code for appendectomy were identified.

CT scanning is immediately available 24 hours a
day, 7 days a week. In most cases, scanning is per-
formed as soon as the patient has ingested the oral
contrast medium. Patients undergoing CT scanning
for appendicitis have their scans performed, in gen-
eral, approximately 2 hours after they have ingested
the oral contrast material. Attending radiologists are
available for reading these scans during daylight
hours on weekdays; radiology residents are available
in house the remainder of the time.

Charts and electronic medical records were re-
viewed. Demographic data, medical history and phys-
ical examination findings, laboratory data, results of
preoperative imaging, and pathology reports were all
recorded for each patient. It was not possible to de-
termine whether a surgeon or another physician had
ordered the laboratory or imaging studies. Length of
hospital stay (LOS), both preoperatively and postop-
eratively, as well as complications were also recorded.

Data were entered into a Statview software system
(SAS Institute, Cary, North Carolina) and analyzed us-
ing 

 

t

 

-tests and chi-square analysis for continuous and
nominal variables, respectively. To examine the change
in the rate of CT scanning over time, data were ana-
lyzed by quarter for the time periods studied. A 

 

P

 

 value

 

�

 

0.05 was considered significant. Approval of the Uni-
versity of Utah Health Sciences Center institutional re-
view board was secured before the study was begun.

 

RESULTS

 

A total of 262 patients were identified with the di-
agnosis of appendicitis during the three time periods.
One hundred sixteen patients underwent appendec-

tomy during calendar year 1997, 93 during calendar
year 1999, and 53 during the first 6 months of 2000.
Charts were available for review for 96 (82.7%) of
116 in 1997, 84 (90.3%) of 93 in 1999, and 50
(94.3%) of 53 in 2000.

Demographic information for patients in the three
time periods is presented in Table 1. The rates of pre-
operative CT scanning during 1997, 1999, and the
first 6 months of 2000 were 6.7%, 43.3%, and 70.2%,
respectively (

 

P

 

 

 

�

 

 0.001 between 1997 and 1999 and
between 1999 and 2000). These are shown graphi-
cally, along with the rates of negative appendectomy
and the rates of perforated or gangrenous appendici-
tis, in Fig. 1. The rates of perforated or gangrenous
appendicitis were similar for 1997 and 1999 (33.7%
and 30.9%, respectively) but dropped significantly in
2000 (12.5%; 

 

P

 

 

 

�

 

 0.012 compared to 1997 and to
1999). The negative appendectomy rate was not sta-
tistically significantly lower, but there was a trend in
that direction in 2000 compared to 1997 and 1999
(1997 

 

�

 

 6.3%, 1999 

 

�

 

 6.0%, 2000 

 

�

 

 2.0; 

 

P

 

 

 

�

 

 NS).
The quarterly rate of CT scanning in the study

population is illustrated in Fig. 2. The rate of CT
scanning in patients with appendicitis did not rise un-
til the second quarter of calendar year 1999, a full year
after the publication of the article and several months
after review of the information by the emergency
room physicians in a conference. Another increase in
the rate of CT scanning was apparent after the review
during surgery grand rounds in early 2000.

The preoperative LOS illustrated in Fig. 3 for
each of the time periods was grouped by whether or
not the patient had a preoperative CT scan. In the
first 6 months of 2000, the mean preoperative LOS
was significantly longer for those patients who un-
derwent CT scanning (

 

P

 

 

 

�

 

 0.05) but was not longer
than the mean preoperative LOS for patients in the
two previous time periods, whether or not they had
undergone CT scanning. Postoperative LOS was not
significantly different between the patients who had
preoperative CT scans and those who did not (79.1

 

�

 

 79.6 hours vs. 68.2 

 

�

 

 104.3 hours; 

 

P

 

 

 

�

 

 NS).

 

Table 1.

 

 Demographic information

 

1997 1999 Jan–June 2000

 

No. of patients 96 84 50
Mean age (yr) 32.0 

 

�

 

 14.3 33.0 

 

�

 

 14.1 31.9 

 

�

 

 16.2
% Male 49.5 42.9 60.0
Temperature on

admission (

 

�

 

C) 37.8 

 

�

 

 1.0 37.4 

 

�

 

 0.8 37.3 

 

�

 

 0.8
White blood

cell count (mm

 

3

 

) 15.0 

 

�

 

 4.5 14.2 

 

�

 

 4.0 14.6 

 

�

 

 4.6

 

P

 

 

 

�

 

 not significant for any variable.
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DISCUSSION

 

Whether published studies of new medical and
surgical discoveries should or do change the practice
patterns of the average clinician is unclear. Some di-
rect and even more indirect evidence exists. Direct
evidence includes studies of interventions wherein
the outcome measured is a change in the practice
pattern. Indirect evidence includes studies using in-
formation from large data banks such as tumor regis-
tries, hospital discharge registries, and billing infor-
mation.

Direct evidence-based studies involving surgeons
are almost nonexistent. Many studies have been re-
ported that look at interventions to change prescribing
practices, referrals to programs, and testing compli-
ance.

 

3–5

 

 In most of these studies, an “intensive” inter-
vention resulted in increased compliance, whereas no
intervention resulted in no change. A multifaceted in-
tervention delivered by nurse practitioners to improve

preventive practices in primary care significantly im-
proved performance in the groups that received the in-
tervention.

 

5

 

 In another intervention study, nurse mid-
wives increased their referrals to a smoking cessation
program more than physicians did.

 

3

 

Peer-reviewed reports of studies appear to have a
variable impact on practices. Although physicians
have good intentions with regard to incorporating
newly reported findings into their practices,

 

7

 

 and
some even report that they have already incorpo-
rated these changes, review of charts, billing records,
and databases reveal that the rate of change is much
lower than what is reported by the physicians them-
selves.

 

8

 

Minne et al.

 

9

 

 published the results of a random-
ized controlled trial at their institution evaluating
laparoscopic vs. open appendectomy. They found no
significant advantages to laparoscopic appendectomy
in the trial. Jones et al.

 

10

 

 then reviewed charts at that
same institution after publication of the study and
found that most of the surgeons preferred laparo-
scopic appendectomy. Seventy-nine percent of ap-
pendectomies were started laparoscopically; laparo-
scopic appendectomies took longer and were more
expensive.

Regional differences in adaptation of breast con-
servation therapy for breast cancer imply that clini-
cians interpret and incorporate results of random-
ized controlled trials at varying rates.

 

1

 

 Geographic
region, Medicare fees, sex of the surgeon, and age of
the patient have all been shown to be independent
predictors of whether or not the patient undergoes
breast conservation therapy, although none of these
factors correspond to factors presented in published
guidelines.

 

1, 2

 

In our study we sought to evaluate the impact of
literature and a grand rounds presentation on prac-
tice. Although we specifically looked at times related

Fig. 1. Rates of negative appendectomies (% neg appy), CT
scanning, and perforated/gangrenous appendicitis (% severe)
for the three time periods studied.

Fig. 2. Rates of CT scanning by quarter for time periods
studied.

Fig. 3. Preoperative LOS (in hours) for patients with and
without CT scans for the three time periods studied. P � not
significant between patients with and without CT scans for
calendar years 1997 and 1999 (CY 97 and CY 99). P � 0.043
between patients with and without CT scans for Jan–Jun 00.
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to the publication by Rao et al.

 

6

 

 in 

 

The New England
Journal of Medicine

 

, 78 other articles were published
in 1997 through 1998 on the subject.

 

11

 

 In 1999, Lane
et al.

 

12

 

 reported on the high sensitivity and specificity
of unenhanced CT scans in the diagnosis of appendi-
citis. In our study the rate of CT scanning was signif-
icantly higher during 1999 compared to 1997, imply-
ing a change in practice secondary to the published
studies and the review of these studies during a con-
ference attended by the emergency room physicians.
However, at the time of the grand rounds presenta-
tion in January 2000, the scanning rate had leveled off
at approximately 50%. During the grand rounds pre-
sentation, the article by Rao et al.,

 

6

 

 along with others
confirming the high sensitivity and specificity of CT
scans in appendicitis, were reviewed. In the 6 months
after this presentation, the rate of CT scanning in-
creased further. We also found that scanning at a rate
of 70% improved outcomes as measured by perfo-
rated/gangrenous appendicitis. We have no data to
support the reason for this. One hypothesis might be
that patients were operated on during their first visit
to the emergency room as opposed to having been
sent home only to return after perforation.

Flum et al.

 

13

 

 recently published a population-
based analysis of the misdiagnosis of appendicitis and
the changes over time. They found that the availabil-
ity of CT scans and ultrasound images has not de-
creased the rate of misdiagnosis. Their study period
included the years 1987 to 1998. Our data would
support their conclusions from that time period. The
rate of CT scanning was probably not at a high
enough level in the last year of their study (1998) to
have an impact on outcomes.

Our study was limited by several factors. First, it
was a retrospective review that included only pa-
tients who underwent appendectomy. We therefore
do not know the number of patients who were re-
ferred for CT scanning and then sent home when
the CT scan was normal or they were found to have
some other pathologic condition. Without that in-
formation we could not calculate the sensitivity,
specificity, or cost-effectiveness of using CT scans in
the diagnosis of appendicitis at our institution. Addi-
tionally, it was not possible because of institutional
practices to determine who had ordered a CT scan
or whether it was ordered with or without a surgeon
having seen the patient first. Discussions with the at-
tending physicians in the emergency room revealed
that they had reviewed the literature and had begun
to incorporate CT scanning into their practices
shortly after the publication of the article by Rao et
al.

 

6

 

 Review of the subject at surgery grand rounds
further facilitated that incorporation as the surgeons
then also understood the data.

 

CONCLUSION

 

Publication of important information in highly dis-
tributed and widely cited journals may not be the most
effective method for bringing about changes in physi-
cians’ practices. Our data suggest that oral discussion of
important journal articles facilitates changes in practice,
as shown by the increase in CT scanning rates after dis-
cussion by the emergency room physicians and then a
further increase after discussion of the topic at grand
rounds. At our institution, performing scans in more
than 70% of patients appeared to have a significant im-
pact on the proportion of patients with perforated/gan-
grenous appendicitis. Institutions desiring to change
their practices should use more than publications to com-
municate these changes and should measure outcomes
resulting from the implementation of these changes.
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Endoscopic Ultrasound–Guided Transrectal Biopsies 
of Pelvic Tumors

 

Marco Sailer, M.D., Dieter Bussen, M.D., Martin Fein, M.D., Stephan Freys, M.D.,
Sebastian E. Debus, M.D., Arnulf Thiede, M.D., Karl-Hermann Fuchs, M.D.

 

The aim of this study was to evaluate the feasibility, safety, and diagnostic accuracy of endorectal ultra-
sound–guided biopsies in patients with extrarectal lesions. Data from all patients with suspicious pelvic
pathology who underwent endorectal ultrasound–guided biopsies were collected prospectively. To evalu-
ate the accuracy of the diagnosis, all patients with benign histology but primary suspicion of a malignant
lesion were followed up for at least 12 months. A total of 48 patients whose median age was 66 years were
evaluated. Apart from one postbiopsy hemorrhage, which was managed conservatively, no other compli-
cations were encountered. Sufficient tissue was removed to allow histologic examination in all cases. A
large variety of diagnoses including primary and secondary malignancies (n 

 

�

 

 25) as well as benign pa-
thologies (n 

 

�

 

 23) could be established. There were no false positive but three false negative histologies
in patients with proven local recurrence of a malignant tumor during the follow-up period. This results in
a sensitivity of 88%, specificity of 100%, positive predictive value of 100%, and negative predictive value
of 89%. It is concluded that endoscopic ultrasound–guided transrectal biopsy is a safe method with a high

 

diagnostic accuracy in the assessment of pelvic tumors. ( J G

 

ASTROINTEST

 

 S

 

URG

 

 2002;6:342–346.)
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Endorectal ultrasound (ERUS) is a well-estab-
lished imaging technique for the evaluation of an-
orectal diseases, most notably in the preoperative
staging of rectal cancer.

 

1

 

 Furthermore, ERUS has
also gained acceptance in the evaluation of anal
sphincter morphology in fecal incontinence,

 

2,3

 

 in pa-
tients presenting with perianal sepsis,

 

4,5

 

 and in the
staging and follow-up of anal carcinoma.

 

6,7

 

 Because
of its high resolution, ERUS is also useful in the as-
sessment of perirectal pathology if the lesions are
within the reach of the ultrasound probe, which—
depending on the frequency—is generally in the
range of 6 to 8 cm.

 

8

 

 Whereas there is an extensive
body of literature dealing with perirectal absces-
ses

 

4,8–10

 

 or lymph node involvement in rectal carcino-
mas,

 

1,11–14

 

 there are only a few reports of application
of ERUS for nonprostatic, nongynecologic pelvic dis-
ease in general,

 

8,9,15,16

 

 and ERUS-guided biopsy of
these lesions in particular.

 

8,17

 

 The aim of this study
was, therefore, to evaluate the feasibility, safety, and
diagnostic accuracy of ERUS-guided biopsies in pa-
tients presenting with extrarectal pelvic lesions.

 

PATIENTS AND METHODS

 

During a study period of 7 years, we prospectively
collected data from all patients undergoing ERUS at
our institution. Patients with suspicious or unclear
extrarectal pelvic pathology who underwent ERUS-
guided biopsies were included in the present study.
After informed consent was obtained, patients were
prepared for the procedure with an orthograde
bowel lavage and local (i.e., intrarectal) application
of an antiseptic solution immediately before the ex-
amination. Patients routinely received a single dose
of intravenous antibiotic prophylaxis with metro-
nidazole and cefotiam. Sedation with intravenous
midazolam was necessary in only three patients.

The procedure was carried out with patients in
the lithotomy position using a rotating scanner
(Combison 310

 

�

 

, Kretz Co., Zipf, Austria) with a
special biopsy aid that allows precise positioning of
the biopsy needle under constant ultrasound control.
The rectal probe measures 16 cm in length, with a
head diameter of 21 mm. During the examination
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the frequency of the bifocal probe can be switched
from 7.5 to 5 MHz, thus allowing assessment of ex-
trarectal pathology with a maximum tissue penetra-
tion of 7 cm. Resolution for both frequencies is less
than 1 mm. The transducer rotates at a speed of 12
cycles per second, generating a 360-degree real-time
image. The beams can be emitted longitudinally
producing a 100-degree sector or transversely (360-
degree image) in reference to the longitudinal axis of
the rectum. A special biopsy software program acti-
vates a small square in the transverse plane (Fig. 1)
and a dotted line in the longitudinal plane (Fig. 2) on
the monitor, allowing exact visualization of the bi-
opsy target and needle tract, respectively.

Using the TRU-CUT principle, a high-speed
biopsy needle (Magnum, Bard/Angiomed Co., Karls-
ruhe, Germany) is fired once the target has been pre-
cisely visualized, both transversely and longitudi-
nally. The core biopsy needle measures 18 gauge and
is 20 cm long, providing a specimen length of 19 mm
with a 0.9 mm diameter. All specimens were sent for
histologic examination. To evaluate the diagnostic
accuracy, all patients with benign histology but pri-
mary suspicion of a malignant lesion were followed
up for a minimum of 12 months. Sensitivity, specific-
ity, and positive and negative predictive values were
calculated.

 

RESULTS

 

A total of 48 patients (30 men) who had a me-
dian age of 66 years (range 18 to 87 years) under-
went ERUS-guided transrectal biopsy. In all patients
the indication for the procedure was a suspicion of
either metastatic disease (n 

 

�

 

 31) or a primary tumor
of unknown etiology (n 

 

�

 

 17). In almost all cases
(91%) there had been additional imaging (CT scan
and/or MRI) before the ERUS.

With regard to localization, size, and sonographic
appearance of the lesions, a wide range was observed.
Tumor localization varied from 4 to 16 cm measured
from the anal verge, and the position with regard to
the rectal axis was anterior in 19%, posterior in 44%,
lateral in 25%, and circular in the remaining 12%.
Most lesions (73%) were within 2.0 cm of the rectal
wall. The median size of the lesions measured 26
mm (range 7 to 64 mm). Most tumors (61%) were
hypoechoic (Fig. 3), whereas an echo-mixed (Fig. 4)
or hyperechoic (Fig. 5) pattern was noted in 17%
and 22%, respectively. Compared with benign
changes, lesions that proved malignant on histo-
pathologic examination appeared hypoechoic more
frequently (39% vs. 84%).

Apart from one postbiopsy hemorrhage, which was
managed conservatively with no transfusion require-
ment, no other complications were encountered. Suf-
ficient tissue was removed to allow a histologic exami-
nation in all cases. A large variety of diagnoses

Fig. 1. Hypoechoic extramucosal lesion in the anterior posi-
tion measuring 20 � 10 mm (arrows). The small square indi-
cates the biopsy target. Histologic examination revealed a re-
current adenocarcinoma following low anterior resection for
rectal cancer 9 months previously.

Fig. 2. The hyperechoic biopsy needle is clearly visible in the
longitudinal plane. The biopsy tract is along the dotted line.
The distance between two dots equals 1 cm.
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including primary and secondary malignancies (Table
1), as well as benign pathologies (Table 2), could be
established. There were no false positive but three
false negative histologies in patients with proven local
recurrence of a malignant tumor during the follow-up
period. All three patients were among the first 15

cases in which only one or two aspirations were per-
formed. This results in a sensitivity of 88%, specificity
of 100%, positive predictive value of 100%, and nega-
tive predictive value of 89%. Subsequently, as a result
of these negative biopsies, at least five specimens were
removed from every patient. Since then no false nega-
tive results have been encountered.

 

DISCUSSION

 

The diagnostic workup of pelvic tumors can occa-
sionally be laborious. When using imaging techniques
such as CT scan and/or MRI in patients with a history

Fig. 3. A large hypoechoic tumor (34 � 65 mm) is seen in the
right lateral position localized 12 cm from the anal verge (ar-
rows). Histologic examination showed an epidermoid cyst.

Fig. 4. Transrectal biopsy of this presacral echomixed tumor
(45 � 22 mm) disclosed an adenosquamous carcinoma of un-
known origin.

Fig. 5. This 63-year-old patient had undergone radical pros-
tatectomy for cancer 6 months earlier. Anteriorly, the pros-
tatic compartment is seen as an echo-free area. This patient
presented with a palpable tumor on rectal digital examination.
On transrectal biopsy, this hyperechoic lesion (arrows), which
measured 47 � 22 mm, proved to be a lymph node metastasis.

 

Table 1.

 

 Histologic diagnosis of ultrasound-guided 
transrectal biopsy in patients with malignant histology 
(n 

 

�

 

 25)

 

Histology n

 

Adenocarcinoma 10
Squamous cell carcinoma 5
Prostate cancer 4
Malignant melanoma 2
Adenosquamous carcinoma 1
Signet ring carcinoma 1
Neuroendocrine tumor 1
Undifferentiated carcinoma 1
Total 25
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of a pelvic malignancy, for example, rectal, prostate, or
cervical cancer, it is often difficult to differentiate be-
tween scar tissue and recurrent tumor, particularly if
the space-occupying lesion is small and tumor markers
are only slightly raised if at all. With the advent of
positron emission tomography (PET), these lesions
can be further divided into those with and those with-
out uptake of the marker used, which is usually 2-[18F]
fluoro-2-deoxy-D-glucose.

 

18

 

 However, to conclu-
sively decide on further therapeutic strategies, which
might range from palliative conservative measures to
major surgery such as multivisceral resection, a definite
histologic diagnosis needs to be established. The same
holds true for patients with no previous history who
present with a symptomatic or incidental pelvic tumor
that cannot be clearly classified by means of either im-
aging, laboratory investigations, or follow-up exami-
nations, as directed by the respective specialists ( i.e.,
urologist, gynecologist, or colorectal surgeon).

Percutaneous biopsies assisted by either CT or ab-
dominal ultrasound imaging have several limitations.
The distance from the surface to the lesion can be con-
siderable, which renders precise puncture difficult if
not impossible. Tumors can be obscured by anatomic
structures such as the uterus, adnexa, or bowel. Fur-
thermore, patient discomfort and the risk of intraperi-
toneal infection should also be kept in mind when this
type of approach is used. Transrectal ultrasound over-
comes most of these restrictions and, most important,
spatial resolution is considerably better compared with
all other imaging techniques including PET. There-
fore ERUS is able to potentially detect lesions at a
stage where conventional diagnostic tools would fail to
do so. In our series only 13 tumors (27%) were easily
palpable by rectal examination. Theoretically these tu-
mors could have been approached by simple digitally
guided transrectal needle biopsy. However, ERUS
provides biplanar imaging with very precise target lo-
calization and needle monitoring. Lesions can be biop-
sied under visual control rendering the procedure
more controlled and consequently safer.

The use of ERUS-guided biopsy of the prostate
gland is a well-established method in urology and
has gained widespread acceptance in routine prac-
tice.

 

19

 

 Well-documented studies including several
thousand patients have shown the safety and efficacy
of this procedure with little patient discomfort and
very low morbidity.

 

20

 

 Infection, albeit a rare event, is
probably the most serious complication and the ad-
ministration of a prophylactic antibiotic is generally
recommended.

 

19–21

 

 Because the perirectal tissue is
not as well vascularized and contained as the pros-
tate, it was thought that a more thorough prepara-
tion, including a complete bowel lavage, was war-
ranted. Furthermore, our present regimen includes
a second-generation cephalosporin as well as a po-
tent antianaerobic coverage with metronidazole.
Whereas hematuria is a common complication fol-
lowing prostatic needle biopsy and can occur in up to
58%,

 

22

 

 other hemorrhagic events such as rectal
bleeding are generally encountered in only a small
percentage.

 

23

 

 However, rates as high as 37% have
been published.

 

22

 

 As with any other invasive proce-
dure, it seems prudent not to perform ERUS-guided
transrectal biopsy in patients taking anticoagulant or
thrombolytic medication. If a biopsy is nevertheless
needed, medication should either be discontinued, if
possible, or the patient should be monitored on an
in-patient basis.

There are only a few studies in the nonurologic,
nongynecologic literature dealing with transrectal
biopsy of pelvic masses. Apart from anecdotal re-
ports of small patient cohorts, 

 

8,16,17,24

 

 there are two
articles describing transrectal ultrasound-guided bi-
opsies in larger series of patients with suspected re-
currence of rectal carcinoma. Hünerbein et al.

 

25

 

report 30 patients who underwent transrectal ERUS-
guided biopsies during tumor follow-up. They found
10 patients with malignant histologies, whereas the
remaining patients had no evidence of recurrent dis-
ease during a follow-up period of 7 months. No
complications were encountered. Löhnert et al.

 

26

 

used a transperineal approach under local anesthesia
in 111 patients with suspicious masses following low
anterior resection for rectal cancer. In 52 patients lo-
cal recurrence was shown on histologic examination.
Potentially curative salvage surgery was possible in
31 patients, 25 of whom had been diagnosed by
ERUS alone (81% of all curatively resected patients
with local recurrence). There were no false positive
or negative results. In both of these papers, the total
number of biopsies retrieved from each patient is not
mentioned. However, taking into consideration our
three false negative histologies, all from the early pe-
riod of the study where only one or two aspirations
were performed, we would now recommend obtain-

 

Table 2.

 

 Histologic diagnosis of ultrasound-guided 
transrectal biopsy in patients with benign histology
(n 

 

�

 

 23)

 

Histology n

 

Connective/fatty tissue 6
Scar tissue 5
Chronic inflammation 4
Nonspecific inflammation 5
Necrosis 1
Leiomyoma 1
Colitis cystica profunda 1
Total 23
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ing at least five tissue samples per patient. By using
this policy we could increase our sensitivity to 100%.

According to the urologic literature, transrectal
ultrasound-guided needle biopsy is generally consid-
ered to cause minimal or no discomfort and, there-
fore, it has been common practice to perform this
procedure without anesthesia or analgesia.

 

20,22,27

 

 We
can confirm that the vast majority of our patients had
only insignificant pain or none at all. We used a sed-
ative drug in only three patients who expressed their
anxiety before the biopsy. It appears from the litera-
ture that younger patients (i.e., those under 60 years
of age) experience a higher level of discomfort, so
this subgroup may benefit from analgesia and/or se-
dation.

 

20

 

CONCLUSION

 

Endorectal ultrasound is a useful and comple-
mentary imaging technique in the assessment of pel-
vic pathology. Because of its high spatial resolution,
ERUS is potentially able to detect lesions at an ear-
lier and therefore more likely curable stage. The
major advantage of ERUS, however, is the possibil-
ity of performing ultrasound–guided biopsies of sus-
picious lesions. In the assessment of pelvic tumors,
ERUS-guided transrectal needle aspiration is a safe
method with minimal morbidity and high diagnostic
accuracy.
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Laparoscopic Antireflux Surgery With Routine
Mesh-Hiatoplasty in the Treatment of 
Gastroesophageal Reflux Disease

 

Frank A. Granderath, M.D., Ursula M. Schweiger, M.D., Thomas Kamolz, M.D.,
Martin Pasiut, M.D., Christoph F. Haas, M.D., Rudolph Pointner, M.D.

 

One of the most frequent complications after laparoscopic antireflux surgery is intrathoracic migration of
the wrap (“slipped” Nissen fundoplication). The most common reasons for this are inadequate closure of
the crura or disruption of the crural closure. The aim of this prospective study was to evaluate surgical
outcomes in patients who underwent laparoscopic antireflux surgery with simple nonabsorbable polypro-
pylene sutures for hiatal closure in comparison to patients who underwent routine mesh-hiatoplasty. Be-
tween 1993 and 1998, a group of 361 patients underwent primary laparoscopic Nissen or Toupet fun-
doplication with the use of simple nonabsorbable polypropylene sutures for hiatal closure. Since
December 1998, in all patients (n 

 

�

 

 170) who underwent laparoscopic antireflux surgery, a 1 

 

�

 

 3 cm
polypropylene mesh was placed on the crura behind the esophagus to reinforce them. Functional out-
come, symptoms of gastroesophageal reflux disease, and postoperative complications such as recurrent
hiatal hernia with or without intrathoracic migration of the wrap have been used for assessment of out-
comes. In the initial series of 361 patients, postoperative herniation of the wrap occurred in 22 patients
(6.1%). Of these 22 patients, 17 of them (4.7%) had to undergo laparoscopic redo surgery. The remain-
ing five patients were free of symptoms. In comparison to these results, in a second group of 170 patients
there was only one (0.6%) who had postoperative herniation of the wrap into the chest. There have been
no significant differences in objective data such as DeMeester scores or lower esophageal sphincter pres-
sure between the two groups. Postoperative dysphagia was increased during the early period after surgery
in patients undergoing mesh-hiatoplasty but resolved without any further treatment within the first year
after laparoscopic antireflux surgery. We concluded that routine hiatoplasty with the use of a polypropy-
lene mesh is effective in preventing postoperative herniation of the wrap and leads to a significantly better
surgical outcome than closure of the hiatal crura with simple sutures, without any additional long-term
side effects. ( J G
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 2002;6:347–353.) © 2002 The Society for Surgery of the Alimen-
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Laparoscopic antireflux surgery (LARS) has re-
placed the open approach in centers worldwide and
has been shown to be an effective alternative to long-
term medical treatment for gastroesophageal reflux
disease (GERD).

 

1,2

 

 Several studies have shown that
LARS can achieve good to excellent results with
minimal morbidity and acceptable mortality when
performed by an experienced laparoscopic surgeon.

 

3,4

 

However, a number of postoperative complications
have been reported.

 

5,6

 

 The rate of complications af-

ter LARS is the same as that reported for open anti-
reflux surgery, but recurrence of hiatal hernia seems
more likely after laparoscopic procedures.

 

7,8

 

 The
most common complication after LARS is intrathor-
acic herniation of the wrap into the chest, which is
caused by inadequate closure of the crura or disrup-
tion of the crural closure. Typical symptoms of this
so-called “slipped” Nissen fundoplication are recur-
rent or persistent heartburn, dysphagia, or a combi-
nation of the two. Depending on the severity of
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symptoms, the complication can be treated either
with medication or by redo surgery. The relatively
high frequency of postoperative wrap herniation into
the chest in our patients caused us to use a mesh to
achieve a more effective closure of the hiatus.

The aim of the present study was to evaluate out-
comes in the first group of 170 patients who under-
went a “floppy” Nissen or Toupet fundoplication us-
ing routine mesh-hiatoplasty in comparison to 361
patients in whom simple nonabsorbable polypropy-
lene sutures were used.

 

MATERIAL AND METHODS

 

Since September of 1993, a total of 531 patients
(319 men and 212 women), with a mean age of 53
years (range 27 to 78 years), who had symptomatic
GERD underwent laparoscopic antireflux surgery in
our surgical unit. Laparoscopic floppy Nissen fun-
doplication was carried out in all patients with nor-
mal esophageal motility (n 

 

�

 

 376). Patients with
poor esophageal motility (

 

�

 

30 mm Hg in the lower
esophageal segments in response to wet swallows) or
severely disordered peristalsis (

 

�

 

40% simultaneous
contractions in wet swallows) underwent laparo-
scopic Toupet fundoplication (n 

 

�

 

 155). All patients
had a lengthy history of GERD symptoms (mean
8.1 

 

�

 

 7.0 years) and had been treated with proton
pump inhibitors (20 to 80 mg omeprazole/day) for a
mean period of 16.8 months. Basic requirements
for LARS in all patients included a precise evaluation
of GERD symptoms, esophagogastroduodenoscopy
(EGD) with biopsy and histologic examination of the
gastroesophageal junction, 24-hour pH monitoring,
and esophageal manometry as described previously.

 

9

 

Indications for surgery were persistent or recurrent
GERD symptoms despite optimal medical treatment,
persistent or recurrent complications of GERD,
noncompliance with lifelong oral medication, de-
creased quality of life, and a weak lower esophageal
sphincter (LES) pressure (

 

�

 

6 mm Hg).
Two groups of patients were evaluated in this

study. The first group included 361 patients (239
men and 122 women), with a mean age of 54.8 years,
who underwent laparoscopic antireflux surgery be-
tween September 1993 and November 1998 with the
use of simple nonabsorbable polypropylene sutures
for hiatal closure. Laparoscopic floppy Nissen fun-
doplication was performed in 233 patients and Tou-
pet fundoplication was used in 128 patients. After
December of 1998, a second group of 170 patients
(80 men and 90 women), with a mean age of 51.2
years, underwent LARS in which routine polypro-
pylene mesh-hiatoplasty was used for hiatal closure.

Laparoscopic floppy Nissen fundoplication was per-
formed in 143 patients, and Toupet fundoplication
in 27 patients.

 

Hiatal Closure Technique

 

After exposure of the hiatal region, the first step
was to dissect both crura exactly, beginning at the
right crus with immediate identification of the com-
missure of the crura. The esophagus then had to be
elevated to separate loose tissue behind the esopha-
gus. In this manner, a window was opened behind
the esophagus through which the posterior portion
of left crus could be identified and mobilized from
the left side of the esophagus. At this point the
esophagus was mobilized high up intrathoracically to
gain length and bring the LES intra-abdominally.
Dissection of the esophagus was performed until a 3
to 5 cm segment was exposed intra-abdominally. In
the first group of patients undergoing hiatal closure
with nonabsorbable polypropylene sutures, the crura
were brought together using two, three, or four 2/0
polypropylene sutures for posterior hiatoplasty de-
pending on the size of the hiatal hernia. After sutur-
ing of the crura, the esophagus is laying loose in the
hiatus (Fig. 1). Calibration has only been used at the
beginning of LARS in our surgical unit. In the group
undergoing mesh-hiatoplasty, the hiatus has been
closed with the use of a 1 

 

�

 

 3 cm polypropylene
mesh, which we cut out of a 10 

 

�

 

 15 cm polypropy-
lene mesh (Tyco Healthcare, Vienna, Austria) that is
normally used for TAPP hernia repair. After dissec-
tion as described previously, the mesh is secured
with one stitch on the lateral sides of both the right
and left crura (Fig. 2). For large hiatal defects, the
mesh has been used in addition to one or two sutures
(Figs. 3, and 4).

 

Follow-Up

 

In general, postoperative EGD was performed rou-
tinely 6 weeks after surgery in our surgical unit or by a
local gastroenterologist. Additionally, in all patients a
standard postoperative examination was performed at
3 months and at 1 year after surgery, including 24-
hour pH monitoring, esophageal manometry, and
evaluation of GERD symptoms. Postoperative results
in group 1 were evaluated 3 months (group 1: n 

 

�

 

359; group 2: n 

 

�

 

 167) and 1 year (group 1: n 

 

�

 

 349;
group 2: n 

 

�

 

 158) after surgery.
In all patients referred to our unit postoperatively

with recurrent symptoms, routine diagnostic EGD
was followed by a barium swallow. In all patients, the
diagnosis of a wrap herniation into the chest was es-
tablished by use of both procedures.
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Symptom Evaluation

 

In addition to traditional outcome criteria such as
DeMeester scores and LES pressure, we evaluated
the extent of the following symptoms: heartburn, re-
gurgitation, chest pain, and dysphagia. These symp-
toms were subjectively evaluated using a simple ver-
bal rating scale. Symptoms were described as follows:
none, mild to moderate, or severe.

 

Statistical Analysis

 

The SPSS program was used for statistical analy-
sis. Treatment results were analyzed by means of

repeated-measures procedures. 

 

P

 

 

 

�

 

 0.05 was con-
sidered significant. Data are reported as mean 

 

�

 

standard deviation, range, or percentage.

 

RESULTS
Traditional Outcome

 

In group 1, LARS was successfully completed in
359 patients. In two cases conversion to open sur-
gery was necessary because of severe bleeding in the
early learning period. The mean LES pressure in-
creased from a preoperative value of 2.6 

 

�

 

 2.1 mm
Hg to 12.4 

 

�

 

 3.0 mm Hg at 3 months and 13.8 

 

�

 

 3.6

Fig. 2. Mesh-hiatoplasty. The polypropylene mesh (1 � 3
cm) has been brought into the abdomen and affixed with one
stitch onto the sides of both the right and left crura.

Fig. 3. Completed mesh-hiatoplasty before creation of the
Nissen fundoplication.

Fig. 4. Mesh-hiatoplasty and 360-degree floppy Nissen fun-
doplication. The mesh is attached to hiatal crura and does not
come in contact with the posterior portion of the esophagus.

Fig. 1. Intraoperative situs after hiatal closure using two sin-
gle sutures without mesh as performed in the first group of
361 patients. After suturing of the crura, the esophagus is lay-
ing loose in the hiatus.
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mm Hg at 1 year after surgery. The mean De-
Meester score decreased from 64.9 

 

�

 

 22.0 preopera-
tively to 12.3 

 

�

 

 2.8 at 3 months and 9.6 

 

�

 

 3.0 at 1
year postoperatively (Table 1). The mean follow-up
for these patients was 4.2 years (range 2.5 to 8.2
years). In all 170 patients in group 2, the procedure
was successfully completed laparoscopically. The
mean LES pressure increased from a preoperative
value of 2.8 

 

�

 

 1.9 mm Hg to 12.6 

 

�

 

 2.6 mm Hg at 3
months and 14.0 

 

�

 

 2.9 mm Hg at 1 year postopera-
tively. Twenty-four-hour pH monitoring showed a
decrease in the mean DeMeester score from 65.1 

 

�

 

23.1 preoperatively to 12.5 

 

�

 

 2.6 at 3 months and
9.8 

 

�

 

 2.9 at 1 year postoperatively (Table 2).
Mean follow-up for patients in group 2 was 16

months (range 12 to 30 months).

 

Intrathoracic Wrap Herniation

 

In the initial group of 361 patients, postoperative
wrap herniation into the chest occurred in 22 cases
(6.1%). In all 22 patients, a “slipped Nissen” oc-
curred within the first year postoperatively (Table 3).
In five patients (1.3%), intrathoracic wrap herniation
was diagnosed on routine EGD 6 weeks after sur-
gery. These patients were asymptomatic and did not
need any further treatment. Thirteen patients
(3.6%) had recurrent reflux and four patients (1.1%)
had severe dysphagia postoperatively. These patients
underwent laparoscopic redo surgery and are cur-
rently free of symptoms. All reoperations were per-
formed successfully by means of the laparoscopic
technique.

Of the 170 patients in group 2 who underwent
routine polypropylene mesh–hiatoplasty, there was
only one patient (0.6%) who had postoperative herni-
ation of the wrap into the chest. This patient suffered
from acute and severe dysphagia within the first 4
weeks after the initial procedure. This patient under-
went laparoscopic redo surgery, which was techni-
cally very difficult because of massive adhesions as
compared to reoperations in patients where mesh was
not used. Intraoperatively we have found that inade-
quate placement of the mesh is the reason for postop-
erative wrap migration. After a laparoscopic reopera-
tion, this patient is currently free of symptoms.

 

Evaluation of Symptoms

 

The predominant symptoms before surgery, as
graded by the patients and shown in Table 4, im-
proved significantly (

 

P

 

 

 

�

 

 0.05) after surgery in both
groups. Before surgery, 95% of the patients in both
groups had no subjective swallowing difficulties.

In group 1, 16 patients (4.4%) suffered from mild
to moderate dysphagia; two patients (0.5%) had had
severe dysphagia preoperatively. Five patients (2.9%)
in group 2 had mild to moderate dysphagia, and two
patients (1.2%) had had severe dysphagia before sur-
gery. In the early postoperative period (1 week),
nearly 50% of patients in both groups had mild to
moderate swallowing difficulties. In group 2, severe
dysphagia developed in four patients (2.3%) within
the first 8 weeks postoperatively but resolved sponta-
neously without any further treatment.

Three months postoperatively, a significant dif-
ference (

 

P

 

 

 

�

 

 0.05) in subjective grading of dysphagia
could be evaluated. In group 1, almost 80% of the
patients were free of any swallowing difficulties.
Sixty-seven patients (18.7%) had mild to moderate
dysphagia, and four patients had severe dysphagia
(1.1%). In group 2, 59 patients (35.3%) had swallow-
ing difficulties, which were mild to moderate in 57
patients (34.1%) and severe in two patients (1.2%).

One year after surgery, 95% of the patients in
both groups are free of any dysphagia. In group 1, 17
patients (4.9%) had mild dysphagia for solid food
and none for liquids; in group 2, seven patients
(4.4%) had mild dysphagia.

 

Table 1.

 

 DeMeester score and lower esophageal 
sphincter (LES) pressure before and after laparoscopic 
antireflux surgery (LARS) in group 1 (sutures)

 

Before
LARS

(n 

 

�

 

 361)

3 mo after
LARS

(n 

 

�

 

 359)

1 yr after
LARS

(n 

 

�

 

 349)

 

DeMeester score 64.9 

 

�

 

 22.0 12.3 

 

�

 

 11.8 9.6 

 

�

 

 3.0
LES pressure/mm Hg 2.6 

 

�

 

 2.1 12.4 

 

�

 

 3.0 13.8 

 

�

 

 3.6

 

Table 2.

 

 DeMeester score and lower esophageal 
sphincter (LES) pressure before and after laparoscopic 
antireflux surgery (LARS) in group 2 (mesh)

 

Before 
LARS

 

(n 

 

�

 

 170)

 

3 mo after
LARS

 

(n 

 

�

 

 167)

 

1 yr after
LARS

 

(n 

 

�

 

 158)

 

DeMeester score 65.1 

 

�

 

 23.1 12.5 

 

�

 

 2.6 9.8 

 

�

 

 2.9
LES pressure/mm Hg 2.8 

 

�

 

 1.9 12.6 

 

�

 

 2.6 14.0 

 

�

 

 2.9

 

Table 3. 

 

Postoperative wrap herniation (slipped 
Nissen) 1 year after surgery

 

Slipped Nissen

 

Group 1 (n 

 

�

 

 361) 22 (6.1%)
Group 2 (n 

 

�

 

 170) 1 (0.6%)
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DISCUSSION

 

LARS has been shown to be an established long-
term treatment for chronic GERD.

 

3

 

 A review of
results achieved with open Nissen fundoplication
shows that the procedure will result in long-term
control of reflux symptoms in more than 90% of pa-
tients.

 

10

 

 During the past few years, at some centers
laparoscopic Nissen fundoplication has become the
standard procedure for treating GERD. Excellent
clinical outcomes have been achieved with LARS,
with success rates ranging from 85% to 95% and
with lower morbidity and mortality compared to the
open approach.

 

11–14

 

Despite these excellent results, there have been
some reports of an increasing incidence of complica-
tions after LARS.

 

15–21

 

 Failure of antireflux surgery,
regardless of whether it was performed as an open
procedure or laparoscopically, can result in the per-
sistence of GERD symptoms and also in the devel-
opment of new symptoms such as dysphagia, gas
bloat, or diarrhea. One of the most frequently occur-
ring anatomic failure after laparoscopic fundoplica-
tion is migration of the wrap into the chest,

 

22,23

 

 with
or without disruption of the wrap.

 

24,25

 

 This so-called
slipped Nissen fundoplication may be the result of
inadequate closure of the diaphragmatic crura or
rupture of the sutures placed at the crura. Other fac-
tors such as a short esophagus or inadequate mobili-
zation of the esophagus leading to increasing tension
on the wrap

 

6

 

 can lead to a slipped fundoplication too.
A slipped Nissen is more likely to occur after the lap-
aroscopic procedure.

 

18

 

 This may be due to the ten-
dency to extend the dissection of the esophagus fur-
ther into the thorax.

 

7

 

 Resulting symptoms of a

slipped Nissen can be dysphagia, recurrent reflux, or
a combination of the two.

In a prospective study published by Soper and
Dunnegan,

 

6

 

 symptomatic anatomic fundoplication
failure developed in 20 (7%) of 290 patients. In 13 of
these patients, intrathoracic migration of the wrap
with subsequent pain or GERD symptoms was the
reason for failure. Horgan et al.

 

18

 

 reported approxi-
mately 48 patients who had previously undergone
open or laparoscopic antireflux procedures. Para-
esophageal herniation of the wrap has been found to
be the most frequently occurring complication after
primary laparoscopic fundoplication. In addition to a
thorough preoperative evaluation with a correct di-
agnosis and an experienced surgeon performing the
optimal surgical procedure, it has been suggested
that some of the technical aspects of LARS help pre-
vent postoperative complications. Routine hiatal
closure will reduce the incidence of postoperative
paraesophageal hiatal hernia and a slipped Nissen.
Therefore there is general agreement among sur-
geons performing LARS that hiatal closure should
be performed routinely, regardless of whether or not
a hiatal hernia is present.

 

6,19,26

 

After more than 500 laparoscopic antireflux pro-
cedures with routine hiatal closure in our surgical
unit, postoperative herniation of the Nissen valve
into the chest has been shown to be the most com-
mon reason for failure. In the initial series of 361 pa-
tients, we observed intrathoracic herniation of the
wrap in 22 patients (6.1%). This complication is not
an automatic indication for redo surgery. Only 17
patients had symptoms such as recurrent reflux or
dysphagia; five patients with Nissen valve herniation

 

Table 4. 

 

Percentage of GERD symptoms before and after laparoscopic antireflux surgery in both groups

 

GERD symptoms

Before surgery 3 mo postoperatively 1 yr postoperatively

None
Mild to

moderate Severe None
Mild to

moderate Severe None
Mild to

moderate Severe

 

Heartburn
Group 1 14.1% 11.7% 74.2% 99.2% 0.8% 0% 99.4% 0.6% 0%
Group 2 12.9% 11.2% 75.9% 98.8% 1.2% 0% 99.4% 0.6% 0%

Regurgitation
Group 1 33.0% 23.2% 43.8% 98.6% 0.8% 0.6% 99.7% 0.3% 0%
Group 2 32.4% 20.0% 47.6% 98.2% 1.2% 0.6% 100% 0% 0%

Chest pain
Group 1 47.1% 21.3% 31.6% 88.8% 9.5% 1.7% 89.4% 10.6% 0%
Group 2 45.9% 19.4% 34.7% 89.2% 8.4% 2.4% 88.0% 11.4% 0.6%

Dysphagia
Group 1 95.0% 4.4% 0.5% 80.2% 18.7% 1.1% 95.1% 4.9% 0%
Group 2 95.9% 2.9% 1.2% 64.7% 34.1% 1.2% 95.6% 4.4% 0%
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were free of symptoms postoperatively for up to 1
year after surgery. An analysis based on recurrent
wrap herniation in relation to our institutional learn-
ing curve could not be verified. Therefore it must be
stated that this complication did occur sporadically
throughout our entire patient population.

The relatively high frequency of this complication
has led us to the use of a 1 

 

�

 

 3 cm polypropylene
mesh for hiatal closure since December 1998 in all
patients who have undergone LARS.

 

27

 

 Some investi-
gators have suggested that use of mesh prostheses in
hiatal repair has proved to be a protective factor with
regard to recurrent paraesophageal hiatal hernia or
“slipped Nissen.”

Prosthetic reinforcement for hiatal hernia repair
has been used successfully by Carlson et al.

 

26

 

 In a
randomized trial of 31 patients, laparoscopic primary
repair of large hiatal hernias was compared with lap-
aroscopic primary repair reinforced with a polytet-
rafluoroethylene (PTFE) mesh. After a follow-up of
12 to 36 months, they observed a significantly lower
rate of recurrent herniation in the group with PTFE
reinforcement compared to the group with primary
repair alone. Paul et al.21 reported approximately three
patients who underwent laparoscopic repair of large
diaphragmatic defects using an expanded PTFE
patch secured with intracorporal suturing tech-
niques. All patients underwent successful repair with
excellent long-term results. In a study reported by
Basso et al.28, a 3 � 4 cm polypropylene mesh was
used for hiatal closure in 67 patients. After a mean
follow-up period of 22.5 months, Basso et al. found
no evidence of postoperative paraesophageal hernia
or other mesh-related complications in comparison
to 65 patients with simple sutures for hiatal closure,
with an occurrence of postoperative Nissen valve
herniation in 13.8% of patients. It has been shown
that the use of a prolene mesh for hiatal closure is
safe.23,29,30 The weak muscular structures of the crura
will be strengthened by the scar tissue that develops
when a mesh prosthesis is used. The mesh is well in-
corporated and allows rapid mobilization of the pa-
tient. It might be a drawback, however, in terms of
the possibility for erosion of a foreign body into the
esophagus or transmural migration of surgical mate-
rial into the esophagus after Nissen fundoplication.31

In fact, the mesh itself does not come in contact with
the posterior portion of the esophagus, but rather
with the posterior part of the fundic wrap. It has been
reported that there is a possibility that the fundic
wrap will adhere to the mesh, which anchors the wrap
in its normal anatomic position and prevents migra-
tion by itself.17 Based on our experiences, we believe
that erosion of a foreign body or migration of the
mesh into an organ is a very rare occurrence and one

that has not been described until now after laparo-
scopic placement in the hiatal region.

In the present study we compared the outcomes of
361 patients who had simple polypropylene sutures
to close the hiatus with those of 170 patients who
underwent routine mesh-hiatoplasty for hiatal clo-
sure. In the second series of 170 patients, only one
patient (0.6%) had postoperative herniation of the
wrap into the chest within the first year postopera-
tively.

After a follow-up period up to 1 year, no signifi-
cant differences in functional outcome parameters
such as esophageal manometry or 24-hour pH moni-
toring could be found. Comparison of the two groups
in this series shows a significant change in the surgi-
cal outcome according to postoperative Nissen valve
herniation. Since we began using polyvinyl mesh hi-
atoplasty, we have seen a decrease in postoperative
wrap herniation to 0.6% (see Table 3).

One of the main problems with antireflux surgery
seems to be the postoperative dysphagia. The inci-
dence of dysphagia after Nissen fundoplication is re-
ported to range from 3% to 24% in the literature.
There is a significant correlation between the devel-
opment of postoperative dysphagia and the type of
operation being performed.20 Dysphagia as a common
complication after Nissen fundoplication is usually
mild and improves within the first 3 months postop-
eratively. In our patients there was a significantly
higher rate of postoperative dysphagia in group 2
with additional mesh-hiatoplasty within the first 3
months postoperatively. One year after surgery, a
comparison of the two surgical groups no longer
shows a significant difference in the extent of post-
operative dysphagia. In general, besides several phys-
iologic explanations for dysphagia32 psychological
factors also play a major role in the possibility of
normal swallowing after LARS.33 We believe that hi-
atal closure with a mesh not only reinforces parts of
the natural antireflux barrier, but it also increases the
time needed for adaptation of postoperative eating
behavior, which can be influenced by additional psy-
chological intervention.34

Our first experiences with a polypropylene-mesh
for hiatal closure has been shown to be effective in pre-
venting a slipped Nissen. It can be performed safely
with no deaths and a low rate of postoperative morbid-
ity. Despite increased postoperative dysphagia for the
first 3 months after surgery, mesh-hiatoplasty in LARS
has a good outcome up to 1 year after surgery.
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Continuous positive airway pressure (CPAP) is used to prevent apneic arrest and/or hypoxia in patients
suffering from obstructive sleep apnea. This modality has not been universally accepted for patients fol-
lowing upper gastrointestinal surgery because of concerns that pressurized air will inflate the stomach and
proximal intestine, resulting in anastomotic disruption. This study was performed to assess the safety and
efficacy of postoperative CPAP for patients undergoing a gastrojejunostomy as part of a Roux-en-Y gas-
tric bypass (RYGB) procedure. A total of 1067 patients (837 women [78%] and 230 men [22%]) were
prospectively evaluated for the risk of developing anastomotic leaks and pulmonary complications after
the RYGB procedure. Of the 1067 patients undergoing gastric bypass, 420 had obstructive sleep apnea
and 159 were dependent on CPAP. There were 15 major anastomotic leaks, two of which occurred in
CPAP-treated patients. Contingency table analysis demonstrated that there was no correlation between
CPAP utilization and the incidence of major anastomotic leakage (

 

P

 

 

 

�

 

 0.6). Notably, no episodes of
pneumonia were diagnosed in either group. Despite the theoretical risk of anastomotic injury from pres-
surized air delivered by CPAP, no anastomotic leaks occurred that were attributable to CPAP. There
were no pulmonary complications in a patient population that is at risk for developing them postopera-
tively. CPAP is a useful modality for treating hypoventilation after RYGB without increasing the risk of
developing postoperative anastomotic leaks. (J G
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The incidence of obesity is increasing in epidemic
proportions in the United States. Overweight pa-
tients are at increased risk for the development of co-
morbid conditions such as diabetes, hypertension os-
teoarthritis, hypercholesterolemia, and obstructive
sleep apnea (OSA). Four out of five obese persons
have at least one debilitating illness associated with
this disease,

 

1

 

 resulting in an increased risk of death,
twofold greater in women and 12-fold greater in
men.

 

2

 

 Because of their medical comorbid conditions,
obese patients pose a higher operative risk than non-
obese individuals. OSA, defined as transient respira-
tory cessations during sleep, occurs frequently in
obese patients. Obese patients have a 12- to 30-fold

increased risk for the development of OSA relative
to the general population.

 

3

 

 Typically associated with
upper body obesity,

 

4

 

 OSA is found in 50% of obese
men and 40% of obese women.

 

5

 

 Frequent apneic
events associated with hypoxemia severely compro-
mise the cardiorespiratory system.

 

6,7

 

The presence of OSA poses an increased risk for
respiratory complications in obese patients undergo-
ing laparotomy. Abdominal surgery, especially upper
abdominal surgery, adversely affects pulmonary
function.

 

8

 

 The combination of preexisting OSA and
laparotomy significantly increases morbidity and
mortality from respiratory complications in obese
patients.

 

9
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Continuous positive airway pressure (CPAP) ef-
fectively treats sleep apnea.

 

10

 

 Continuous positive
pressure is applied to the upper airway with a nasal
mask, nasal prongs, or a mask that covers both the
nose and the mouth.

 

11

 

 CPAP improves respiratory
function in morbidly obese patients

 

12

 

 and accelerates
reestablishment of preoperative pulmonary function

 

13

 

after upper abdominal surgery. However, the use of
CPAP has not been accepted after upper intestinal
surgery involving bowel anastomosis. Concerns that
pressurized air will inflate the stomach and intestine
resulting in anastomotic disruption have precluded
the application of CPAP for treatment of postopera-
tive apnea.

Roux-en-Y gastric bypass (RYGB) is commonly
performed for the treatment of clinically severe obe-
sity.

 

14–16

 

 RYGB consists of two anastomoses: a proxi-
mal gastrojejunostomy and a distal jejunojejunos-
tomy (Fig. 1). Both anastomoses are at risk for
disruption from intraluminal distention that might
result from CPAP utilization. However, CPAP de-
creases pulmonary complications by preventing alve-
olar collapse in the postoperative period after RYGB.
This study was undertaken to assess the safety and
efficacy of postoperative CPAP for patients having a

gastrojejunostomy performed as part of a gastric by-
pass procedure. We specifically examined the inci-
dence of anastomotic disruption and respiratory
complications in a population of obese patients un-
dergoing RYGB.

 

METHODS
Patients

 

All patients undergoing gastric bypass surgery at
the UCLA Medical Center between December 1993
and June 2000 were included in the study. Clinical
information regarding sleep apnea and the need for
CPAP was entered into a database. A total of 1067
patients (837 women [78%] and 230 men [22%])
were prospectively evaluated for the risk of develop-
ing anastomotic leakage with and without CPAP.
The hospital quality assurance coordinator moni-
tored outcomes for all patients.

 

Surgery

 

All RYGB operations were performed by one of
four bariatric surgeons using a standardized tech-
nique. Briefly, the proximal 30 ml gastric pouch was
created by firing an Ethicon TLH-60 heavy wire sta-
pler (Ethicon, Somerville, New Jersey) horizontally
across the stomach. The jejunum was divided 30 cm
distal to the ligament of Treitz and the first arcade of
mesenteric vessels divided with a vascular GIA stapler
(Ethicon). The distal cut end of the jejunum was then
tunneled through the transverse mesocolon to lie an-
terior to the stomach. All anastomoses were hand
sewn. The gastrojejunostomy was created by sewing
the limb to the pouch side to side with a single layer of
3-0 Maxon sutures (Ethicon) over a 32 F bougie cath-
eter, creating a 1 cm anastomosis. The small bowel
anastomosis was performed side to side in two layers
using an inner layer of running 3-0 Maxon sutures
and an outer layer of interrupted 3-0 silk sutures. This
jejunojenuostomy was created 40 to 50 cm distal to
gastrojejunostomy. No attempt was made to test the
anastomosis by injection of air or dye. The abdomen
was closed with either interrupted No.1 Maxon su-
tures or a running 0 looped Maxon suture. The skin
was closed with a running, continuous 4-0 Monocryl
suture or skin staples (Ethicon). Postoperative naso-
gastric decompression was not routinely used.

 

Outcomes

 

All gastric bypass operations at the UCLA Medi-
cal Center were considered index procedures during
the study period. A hospital-based quality assurance
coordinator collected outcomes data independent of

Fig. 1. The Roux-en-Y gastric bypass consists of two anasto-
moses. A proximal gastrojejunostomy connects the gastric
pouch to the jejunal limb. The Y is created by a jejunojejunos-
tomy approximately 50 cm distal to the gastrojejunostomy.
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the surgical team. Data concerning length of hospital
stay and complications were entered into a database.
All complications such as the development of pneu-
monia or leaks were reviewed. In addition to the inde-
pendent review by the quality assurance coordinator,
the attending physicians and/or house staff reported
complications to the quality assurance manager to
ensure that all complications were captured.

 

Statistical Analysis

 

Effects of CPAP and anastomotic leakage were an-
alyzed by contingency table analysis. Statistical signif-
icance relating risk factors with continuous variables
to the outcomes was determined by 

 

t

 

 test or analysis
of variance where appropriate. Risk factors with di-
chotomous variables were tested by chi-square anal-
ysis. All data are presented as means 

 

�

 

 standard error
of the mean. All values were considered statistically
significant at 

 

P

 

 

 

�

 

 0.05.

 

RESULTS
Patient Demographics

 

During the study period, 1067 patients underwent
RYGB operations. Table 1 summarizes the patient
demographic information. Seventy-eight percent of
the patients were women. The male patients were
taller and larger than the female patients. Comorbid
conditions were more frequent in the men (

 

P

 

 

 

�

 

0.05). Of the 1067 patients undergoing gastric by-
pass, 420 had obstructive sleep apnea. Use of CPAP
was significantly more frequent in men compared to
women (

 

P

 

 

 

�

 

 0.05). Of the 429 patients with sleep
apnea, 159 had sleep studies documenting the need

 

for and efficacy of CPAP for the avoidance of noc-
turnal apneic events. Before surgery, this patient co-
hort was receiving home CPAP. All of these patients
received postoperative CPAP using their preopera-
tive CPAP settings (range 10 to 12 cm H

 

2

 

O at a rate
of 12 to 16 cycles/min).

 

Anastomotic Leakage

 

There were a total of 15 major anastomotic leaks
(Table 2). The body mass index of patients with
leaks is comparable to that in patients without anas-
tomotic disruption: (52 

 

�

 

 1.7 vs. 53.6 

 

�

 

 0.3; 

 

P

 

 

 

�

 

0.24, respectively). On average, the patients who de-
veloped leaks were slightly older than the general
bariatric population (46 

 

�

 

 2.1 years vs. 42.3 

 

�

 

 0.3
years; 

 

P

 

 

 

�

 

 0.001, respectively).
All anastomotic leaks were confirmed radiograph-

ically by Gastrograffin upper gastrointestinal series
or by CT studies (Table 3). Only two of the leaks oc-
curred in patients while they were receiving CPAP.
The management strategy for treating anastomotic
disruption is presented in Table 3. Contingency ta-
ble analysis revealed that CPAP was not causally re-
lated to the development of postoperative anasto-
motic disruption after RYGB (

 

P

 

 

 

�

 

 0.65; Table 4).

 

Respiratory Complications

 

There were no respiratory complications such as
pneumonia or episodes of apnea in any patients after
RYGB in our series.

 

DISCUSSION

 

The incidence of obesity is increasing in the
United States, resulting in the performance of a
greater number of bariatric operations. RYGB has
become the “gold standard” operation for the treat-
ment of clinically severe obesity.

 

15,16

 

 Obese patients
are at risk for postoperative complications after RYGB
because of their greater preoperative disease burden.
Despite the high surgical risk, the overall complica-
tion rate remains low. However, complications do
occur and analysis of predictive risk factors is impor-
tant to minimize the rate of complications.

Because of the high incidence of OSA in obese pa-
tients, these patients have a uniquely high risk for
developing postoperative apnea, hypoxia, and pneu-
monia. This condition is effectively treated by CPAP.
However, because of the concern that positive airway
pressure places gastrointestinal anastomoses at risk
for disruption, CPAP has not been routinely used in
postoperative patients. The current study, which pro-

 

Table 1.

 

 Patient demographics

 

Total
population Female Male

 

Number 1067 837 230
Age (yr) 42.3 

 

�

 

 0.3 42.2 

 

�

 

 0.3 42.4 

 

�

 

 0.7
Weight (pounds) 334 

 

�

 

 2 313 

 

�

 

 2 408 

 

�

 

 6*
Height (inches) 66.1 

 

�

 

 0.1 64.9 

 

�

 

 0.1 70.6 

 

�

 

 0.2*
Body mass index

(Kg/m

 

2

 

) 53.6 

 

�

 

 0.3 52.4 

 

�

 

 0.3 57.9 

 

�

 

 0.8

 

†

 

Smoking history 171 (16%) 130 (16%) 41 (18%)
Sleep apnea 420 (39%) 287 (34%) 133 (58%)

 

†

 

CPAP
dependency 159 (15%) 102 (12%) 57 (25%)

 

†

 

Data are presented as mean 

 

�

 

 standard error of the mean. Percent-
ages in parentheses are relative to the number of patients referred to
in a column. In our population there were 22% males and 78% fe-
males.
*P 

 

�

 

 0.05 females vs. males, 

 

t

 

 test.

 

†

 

P 

 

�

 

 0.05 females vs. males, chi-square analysis.
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spectively evaluated a consecutive series of 1067 gas-
tric bypass operations, has demonstrated the safety
and efficacy of CPAP utilization after RYGB.

The incidence of OSA among morbidly obese pa-
tients is very high.

 

4

 

 In our series, 39% of patients
presented with OSA, of whom 38% were CPAP de-
pendent and were using this modality at home for
the management of their OSA. Obstructive sleep ap-
nea is a common risk factor for the development of
respiratory complications following RYGB.

 

15–17

 

 Aside
from OSA, obese patients have compromised respi-
ratory function characterized by decreased functional
residual capacity, expiratory reserve volume, PaO

 

2

 

,
and an increase in the alveolar-arterial oxygen differ-
ence.

 

18

 

 Taken together, these factors result in an in-
creased risk for postoperative pulmonary complications
such as sputum retention, atelectasis, and broncho-
pulmonary infections,

 

8

 

 which cause significant post-
operative morbidity and mortality after elective surgery.
Gastric bypass series similar to the one presented

 

here report rates of atelectasis and pneumonia rang-
ing from 0.5% to 4%.

 

15–17

 

Continuous airway pressure is currently the most
effective medical treatment for OSA.

 

4

 

 CPAP restores
functional residual capacity to preoperative values

 

19,20

 

and improves oxygenation

 

21

 

 after surgery. The pro-
phylactic use of airway pressure systems during the
first 24 hours postoperatively significantly reduces the
pulmonary restrictive syndrome that occurs after
gastroplasty in morbidly obese patients.

 

13

 

 It also re-
duces the risk of acute respiratory distress syndrome
after upper abdominal surgery.

 

22

 

 The mechanical ef-
fect of CPAP is achieved by raising the intraluminal
upper airway pressure. Thus the postoperative use of
CPAP carries the theoretical risk of increasing the
incidence of anastomotic leaks resulting from the in-
crease in pressurized air into the stomach and proxi-
mal anastomosis. Fear of anastomotic disruption re-
sulting from injection of air into the bowel has limited
the use of CPAP in postoperative patients.

Although the percentage of anastomotic leaks in
our series (1.4%) is slightly higher than that in other
reports (0.5% to 1%),

 

15–17

 

 our analysis demonstrates
that the increase is not attributable to the use of CPAP.
We routinely use CPAP for patients with sleep ap-
nea. We also use it for patients with postoperative
respiratory insufficiency. Despite concerns that posi-
tive pressure ventilation will result in anastomotic
disruption, we did not identify a relationship be-
tween the use of CPAP and anastomotic disruption.
Our findings and conclusions are limited to the pop-
ulation we studied: obese patients undergoing RYGB.
Malnourished patients or those who are undergoing
surgery for a malignancy may not have the same out-
come because of compromised wound healing, which
is not characteristic of RYGB patients.

We conclude that CPAP is a useful modality for
treating patients at risk for apnea after RYGB. There
were no pulmonary complications in a high-risk pa-
tient population and no anatomic leaks were attrib-
utable to the use of CPAP. We recommend the rou-
tine use of postoperative CPAP for RYGB patients
with CPAP-dependent OSA.

 

Table 2.

 

 Characteristics of patients who had leaks 
postoperatively vs. the total population

 

Patients with leaks
(N 

 

�

 

 15)
Total population

(N 

 

�

 

 1067)

 

Age (yr) 46 

 

�

 

 2.1 42.3 

 

�

 

 0.3
Body mass index 52 

 

�

 

 1.7 53.0 

 

�

 

 0.3
Females 8 (53%) 837 (78%)
Males 7 (47%) 230 (22%)

 

Table 3.

 

 Diagnostic studies performed and 
management of patients with anastomotic disruption*

 

Patient Diagnostic study Management

 

1 Gastrograffin swallow Nonsurgical
2 Gastrograffin swallow Surgical
3 Gastrograffin swallow Surgical
4 Gastrograffin swallow Nonsurgical
5 Gastrograffin swallow Surgical
6 Gastrograffin swallow Surgical
7 Gastrograffin swallow Surgical
8 CT-scan Nonsurgical
9 CT-scan Nonsurgical

10 CT-scan Surgical
11 CT-scan Surgical
12 CT-scan Surgical
13 CT-scan Surgical
14 CT-scan Surgical
15 CT-scan Surgical

 

In 47% of the patients, the diagnosis was made by Gastrograffin up-
per gastrointestinal series. Sixty-seven percent of the patients re-
quired surgical intervention for the management of the leaks.

 

Table 4.

 

 Contingency table analysis for CPAP
and leakage

 

(

 

�

 

) CPAP (

 

�

 

) CPAP Total/Leak

 

(

 

�

 

) Leak 895 157 1052
(

 

�

 

) Leak 13 2 15
Total/CPAP 908 159

 

N 

 

�

 

 1067; 

 

P

 

 

 

�

 

 0.648.
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Original Articles

 

Glutathione S–Transferase-Pi Expression Is 
Downregulated in Patients With Barrett’s Esophagus 
and Esophageal Adenocarcinoma

 

Jan Brabender, M.D., Reginald V. Lord, M.B.B.S., Kumari Wickramasinghe, M.D.,
Ralf Metzger, M.D., Paul M. Schneider, M.D., Ji-Min Park, M.S., Arnulf H. Hölscher, M.D., 
Tom R. DeMeester, M.D., Kathleen D. Danenberg, B.S., Peter V. Danenberg, Ph.D.

 

The glutathione S–transferases (GSTs) are a family of enzymes that play an important role in the preven-
tion of cancer by detoxifying numerous potentially carcinogenic compounds. GSTs conjugate reduced
glutathione to a variety of electrophilic and hydrophobic compounds, converting them into more soluble,
more easily excretable compounds. Decreased glutathione S–transferase-pi (GSTPI) enzyme activity has
been reported in Barrett’s esophagus, and an inverse correlation was demonstrated between GST enzyme
activity and tumor incidence in the gastrointestinal tract, but the role of GSTPI messengerRNA (mRNA)
expression in Barrett’s esophagus and associated adenocarcinomas is uncertain. The purpose of this study
was to investigate the role of GSTPI mRNA and protein expression in the development and progression
of the Barrett’s metaplasia-dysplasia-adenocarcinoma sequence, and to investigate the potential of
GSTPI quantitation as a biomarker in the clinical management of this disease. GSTPI mRNA expression
levels, in relation to the housekeeping gene 

 

�

 

-actin, were analyzed using a quantitative real-time reverse
transcription–polymerase chain reaction method (TaqMan) in 111 specimens from 19 patients with Bar-
rett’s esophagus without carcinoma (BE group), 21 patients with Barrett’s-associated adenocarcinoma
(EA group), and a control group of 10 patients without evidence of Barrett’s esophagus or chronic gas-
troesophageal reflux disease. GSTPI mRNA expression was detectable in all 111 samples investigated.
Analyzed according to histopathologic group, the median GSTPI mRNA expression was highest in nor-
mal squamous esophagus epithelium, intermediate in Barrett’s esophagus, and lowest in adenocarcinoma
tissues (

 

P

 

 

 

�

 

 0.001). The median GSTPI expression was significantly decreased in Barrett’s esophagus tis-
sues compared to matching normal squamous esophagus from either the BE group (

 

P 

 

� 

 

0.001) or the EA
group (

 

P

 

 

 

�

 

 0.023). GSTPI expression levels in adenocarcinoma tissues were decreased compared to
matching normal esophagus tissues from the patients with adenocarcinoma (

 

P

 

 

 

�

 

 0.011). Furthermore,
GSTPI mRNA expression values were significantly different between metaplastic, dysplastic, and adeno-
carcinoma tissues (

 

P

 

 

 

�

 

 0.026). GSTPI expression levels were also significantly lower in histologically
normal squamous esophagus tissues from patients with cancer (EA group) compared to both normal
esophagus tissues from patients without cancer (BE group; 

 

P

 

 

 

�

 

 0.007) and normal esophagus tissues from
the control group with no esophageal abnormality (

 

P

 

 

 

�

 

 0.002). GSTPI protein expression was generally
highest in the basal layer of normal squamous esophagus epithelium and lowest in adenocarcinoma cells,
with Barrett’s cells showing intermediate staining intensity. Our results show that downregulation of
GSTPI expression is an early event in the development of Barrett’s esophagus and esophageal adenocar-
cinoma. Loss of GSTPI expression may have an important role in the development and progression of
this disease. ( J G

 

ASTROINTEST

 

 S

 

URG

 

 2002;6:359–367.) © 2002 The Society for Surgery of the Ali-

 

mentary Tract, Inc.
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In the past three decades, the incidence of adeno-
carcinoma of the esophagus has increased in many
Western countries at a rate that exceeds that of any
other malignancy.

 

1–4

 

 The main risk factor for the de-
velopment of adenocarcinoma of the esophagus is
the presence of Barrett’s esophagus,

 

5

 

 a condition in
which the normal squamous lining of the esophagus
is replaced with columnar epithelium as a result of

 

long-standing gastroesophageal reflux.

 

6

 

 Barrett’s esoph-
agus is a multistep process in which Barrett’s intes-
tinal metaplasia eventually progresses to low-grade
dysplasia (LGD), high-grade dysplasia (HGD), and
ultimately to adenocarcinoma of the esophagus.

 

7

 

Compared to the general population, patients with
Barrett’s esophagus have an approximately 30- to
125-fold greater risk for adenocarcinoma of the esoph-
agus,

 

5

 

 with an estimated incidence of cancer ranging
from 1 in 55 to as low as 1 in 441 patient-years.

 

8

 

 The
identification of novel biomarkers that are reliably
associated with each stage of Barrett’s disease and
with an increased likelihood of progression to more
advanced stages may help select patients at highest
risk for malignant transformation.

Human glutathione S–transferases (GSTs) are a
supergene family of enzymes involved in the phase II
detoxification of toxins and enzymes.

 

9

 

 Based on nu-
cleotide homology and biochemical and immuno-
logic criteria, four GST isoforms (

 

�

 

, 

 

�

 

, 

 

�

 

, and 

 

�

 

)
have been identified in humans.

 

10

 

 GSTs catalyze the
binding of a large variety of electrophiles to the sulf-
hydryl group of glutathione, converting them to less
harmful and more water-soluble, more easily excret-
able compounds.

 

9,11

 

 Because most chemical carcino-
gens are electrophiles, GSTs play a critical role in
the detoxification of carcinogens.

 

9,12

 

 GSTs are widely
expressed in human epithelial tissues, including the

 

human gastrointestinal tract,

 

13–16

 

 with GST-

 

�

 

, also
written as GST-pi or GSTPI, as the predominant iso-
form in the normal squamous esophagus epithelium.

 

16

 

Deficiencies of GST have been reported to enhance
the risk of developing gastric, colorectal, or lung
cancer,

 

17–19

 

 and an inverse correlation was demon-
strated between GST enzyme activity and tumor in-
cidence in the gastrointestinal tract.

 

15,20

 

 Decreased
GSTPI enzyme activity has been detected in Bar-
rett’s esophagus compared to normal squamous
esophagus, suggesting that this alteration may con-
tribute to an increased cancer risk in this disease.

 

15,20

 

The analysis of GSTPI mRNA expression in Bar-
rett’s esophagus and adenocarcinoma of the esopha-
gus has so far been limited to semiquantitative tech-
niques with somewhat conflicting results. Compton
et al.

 

21

 

 reported decreased GSTPI mRNA expression
in metaplastic Barrett’s and adenocarcinoma tissues
compared to normal squamous esophagus tissues,

whereas Ishioka et al.

 

22

 

 detected elevated GSTPI
mRNA expression in adenocarcinomas of the esoph-
agus. To further elucidate the role of GSTPI mRNA
expression in the development and progression of
Barrett’s esophagus and associated adenocarcinoma,
and to investigate the potential of GSTPI quantita-
tion in the clinical management of this disease, we
performed quantitative real-time reverse transcrip-
tion–polymerase chain reaction (RT-PCR; TaqMan)
expression analysis on a total of 111 specimens from
patients with Barrett’s esophagus or Barrett’s-associ-
ated adenocarcinoma of the esophagus.

 

MATERIAL AND METHODS
Tissue Samples for RT-PCR

 

A total of 111 tissue samples obtained at endos-
copy and surgery from 19 patients with Barrett’s
esophagus without adenocarcinoma (BE group), 21
patients with Barrett’s-associated esophageal adeno-
carcinoma (EA group), and 10 patients with no symp-
tomatic, endoscopic, or histopathologic evidence of
Barrett’s esophagus or chronic gastroesophageal re-
flux disease (control group [CG]) were collected and
immediately frozen in liquid nitrogen. There were 32
men and 19 women whose median age was 61.8 years
(range 24 to 77 years). Endoscopic biopsies were ob-
tained according to a protocol that required biopsy
at 2 cm intervals from each quadrant (anterior, pos-
terior, right, and left lateral positions) of the visible
length of Barrett’s mucosa and an additional biopsy
from the normal-appearing squamous mucosa of the
esophagus. Biopsy specimens of the normal esopha-
gus were taken at least 4 cm proximal to the macro-
scopically abnormal epithelium. Part of the specimen
or an adjacent specimen was fixed in formalin and
paraffin for histopathologic examination.

Specimens were classified as intestinal metaplasia if
intestinal metaplasia but no dysplasia or cancer was
present. Specimens were classified as dysplastic if ei-
ther low-grade dysplasia (LGD) or high-grade dyspla-
sia (HGD) was present. Dysplastic tissues were not di-
vided into LGD or HGD groups because areas of
LGD and HGD were commonly present in the same
specimen. Using these criteria, the following tissues
were analyzed for GSTPI mRNA expression: Barrett’s

 

intestinal metaplasia (n 

 

�

 

 16), Barrett’s dysplasia (n 

 

�

 

3), and matching normal squamous tissue (n 

 

�

 

 19) in
the BE group, Barrett’s adenocarcinoma of the esoph-
agus (n 

 

�

 

 21), Barrett’s intestinal metaplasia (n 

 

�

 

 5),
Barrett’s dysplasia (n 

 

�

 

 16), and matching normal
squamous esophagus tissues (n 

 

�

 

 21) in the EA group,
and normal squamous esophagus tissues (n 

 

�

 

 10) in
the control group, for a total of 111 specimens.
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RNA Extraction and cDNA Synthesis

 

Total RNA was isolated by a single-step guanidin-
ium isothiocyanate method using the QuickPrep Mi-
cro mRNA Purification Kit (Amersham Pharmacia
Biotech, Inc., Piscataway, New Jersey), according to
the manufacturer’s instructions; cDNA specimens
were prepared as previously described.

 

23,24

 

PCR Quantitation of mRNA Expression

 

Quantitation of GSTPI cDNA and an internal
reference cDNA (

 

�

 

-actin) was carried out with the
use of a fluorescence detection method (ABI PRISM
7700 sequence detection system [TaqMan]; Perkin-
Elmer Applied Biosystems, Foster City, California),
as described.

 

24–27

 

The PCR mixture consisted of the following: 600
nmol/L of each primer; 200 nmol/L probe; 5 U Am-
pliTaq Gold polymerase; 200 

 

�

 

mol/L each dATP,
dCTP, and dGTP; 400 

 

�

 

mol/L dUTP; 5.5 mmol/L
MgCl

 

2

 

; and 1 

 

	

 

 TaqMan buffer A containing a ref-
erence dye, to a final volume of 25 

 

�

 

l (all reagents
from Perkin-Elmer Applied Biosystems). Cycling
conditions were 50

 




 

 C for 10 seconds, 95

 




 

 C for 10
minutes, followed by 46 cycles at 95

 




 

 C for 15 sec-
onds and 60

 




 

 C for 1 minute.
The primers and probes used were as follows. In

each single case, the first primer is the forward primer,
the second is the reversed primer, and the third is the
probe: GSTPI: CCTGACCCAGTCCA ATACCAT
CCT and TGTAGATGAGGGAGATGTATTTG

 

CA; probe 6FAM (carboxyfluorescein) 5

 

�

 

-CTTCCCA

 

TAGAGCCCAAGGGTGCG-3

 

�

 

TAMRA (N,N,N

 

�

 

,
N

 

�

 

-tetramethyl-6carboxyrhodamine); 

 

�

 

-Actin: TGAG
CGCGGCTAC AGCTT and TCCTTAATGTCAC
GCACGATTT; probe: 6FAM5

 

�

 

-ACCACCACGGC-
CGAGCGG-3

 

�

 

TAMRA.

 

Immunohistochemical Analysis

 

Twenty-five archival formalin-fixed, paraffin-
embedded blocks from 25 different patients with Bar-
rett’s esophagus or adenocarcinoma were cut into 5

 

�

 

m sections, mounted onto polylysine-coated slides,
dewaxed in xylene, and rehydrated in alcohol. Pre-
treatment by immersion in 10 mmol/L citrate buffer,
pH 6.0, with microwave, pressure cooker heating was
performed. The sections were peroxidase blocked us-
ing 3% hydrogen peroxide in 0.05 mol/L TRIS–
hydrochloric acid buffer, incubated for 15 minutes
with normal horse serum, and incubated for 1 hour at
room temperature with the GSTPI primary antibody
(PAb-1; Neomarkers, Inc., Fremont, California) at
1:50 dilution. Biotinylated horse antimouse secondary

antibody (1:200 dilution for 40 minutes; Vector Labs,
Burlingame, California), peroxidase-conjugated strepta-
vidin complex reagent (1:100 dilution for 30 minutes;
VectaStain Elite ABC Kit, Vector Labs), and 3.3

 

�

 

-
diaminobenzidine (DAB; 10 mg in 10 ml TRIS buffer
for 20 minutes) were used to visualize binding of the
first antibody. A liver–bile duct section (Neomarkers,
Inc.) was used for a positive control and primary anti-
body was omitted for a negative control.

Thirty-five different histologic areas were studied
in these 25 sections: 10 areas of normal squamous
esophagus epithelium, 10 areas of intestinal metapla-
sia, and five areas each of LGD, HGD, and adenocar-
cinoma. The maximal intensity of staining for GSTPI
in epithelium was graded from 0 to 3

 

�

 

, denoting no
staining or light, moderate, or intense staining. An
immunohistochemical staining score was calculated
for each histologic area by multiplying the staining in-
tensity level (0 to 3) by the proportion of cells in each
area staining with that intensity. The immunohis-
tochemical staining score for an area with 100% of
cells staining with 3

 

�

 

 intensity, for example, would be
1 

 

	

 

 3, equaling 3, whereas an area with 50% cells
staining 2

 

�

 

 and 40% staining 1

 

�

 

 would have a score
of (0.5 

 

	

 

 2) plus (0.4 

 

	

 

 1), equaling 1.4.

 

Statistical Analysis

 

TaqMan analyses yielded values that are expressed
as ratios between two absolute measurements (gene
of interest/internal reference gene). GSTPI expres-
sion levels in adenocarcinoma, Barrett’s esophagus,
and normal squamous esophagus tissues were com-
pared using the Kruskal-Wallis test to identify sig-
nificant differences in expressions among the histo-
pathologic groups. The Kruskal-Wallis test was also
used to compare the three groups of normal esopha-
gus tissues. When the overall Kruskal-Wallis test
(comparing 3 groups) was significant at the 0.05
level, pairwise comparisons were based on the Mann-
Whitney test and the nominal 

 

P

 

 value was reported.
The Wilcoxon signed-rank test was used for com-
parison of paired tissues. Statistical significance (with
two-sided tests) was set at the 0.05 level.

 

RESULTS
RT-PCR Results

 

GSTPI mRNA expression was detectable by quanti-
tative real-time PCR (TaqMan) in all 111 specimens
(100%). Analyzed according to histopathologic group,
the median GSTPI mRNA expression was highest in
normal squamous esophagus tissues (median 3.51,
range 0.35 to 7.07), intermediate in Barrett’s esopha-
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gus (median 1.97, range 0.17 to 5.64), and lowest in
Barrett’s-associated adenocarcinoma of the esopha-
gus (median 1.34, range 0.19 to 4.89; 

 

P

 

 

 

� 

 

0.001,
Kruskal-Wallis test).

Seventeen (89.5%) of 19 patients with the maxi-
mum diagnosis of Barrett’s esophagus (BE group, n 

 

�

 

19) had lower GSTPI mRNA expression levels in
Barrett’s epithelium compared to matching normal
squamous esophagus tissues. The median GSTPI
mRNA expression in normal squamous esophagus
tissues was 4.14 (range 1.89 to 7.07) and 2.34 in Bar-
rett’s esophagus (range 0.55 to 5.64; 

 

P

 

 

 

�

 

 0.001, Wil-
coxon test; Fig. 1 and Table 1).

In the group of patients with Barrett’s-associated
adenocarcinoma (EA group, n 

 

�

 

 21), 15 (71.4%) of
21 patients had lower GSTPI mRNA expression lev-

els in cancer tissues compared to matching normal
esophagus tissues. The median GSTPI mRNA ex-
pression was 2.88 (range 0.35 to 4.91) in normal
esophagus, 1.77 (range 0.17 to 4.58) in Barrett’s epi-
thelium, and 1.34 (range 0.19 to 4.90) in Barrett’s-
associated adenocarcinoma (

 

P

 

 

 

�

 

 0.006, Kruskal-
Wallis test). Table 1 and Fig. 2 show that the median
GSTPI mRNA expression was significantly lower in
Barrett’s epithelium and Barrett’s-associated adeno-
carcinoma compared to matching normal esophagus
tissues.

To search for further differences in the GSTPI
mRNA expression between the different stages of
Barrett’s progressive disease, we compared the me-
dian GSTPI expression of metaplastic esophagus (in-
testinal metaplasia) tissues from patients with the
maximum diagnosis of Barrett’s esophagus (BE group)
with dysplastic Barrett’s and cancer tissues from pa-
tients with adenocarcinoma of the esophagus (EA
group). As shown in Fig.3, the median GSTPI ex-
pression was highest in Barrett’s intestinal metaplasia
(n 

 

�

 

 16; median 2.62, range 0.55 to 5.64), intermedi-
ate in Barrett’s dysplasia (n 

 

�

 

 16; median 2.01, range
0.17 to 4.58), and lowest in adenocarcinomas of the
esophagus (n 

 

�

 

 21; median 1.34, range 0.19 to 4.90;

 

P

 

 

 

�

 

 0.026, Kruskal-Wallis test).
Overall, the three groups of normal esophagus tis-

sue revealed substantial differences in GSTPI ex-
pression levels (

 

P

 

 

 

�

 

 0.002; Kruskal-Wallis test). The
median GSTPI mRNA expression in the group of
histologically normal squamous esophagus tissues
from patients with adenocarcinoma (median 2.88,
range 0.35 to 4.91) was significantly lower than the
median GSTPI expression found in normal squa-
mous esophagus tissues from patients with Barrett’s
esophagus only (median 4.14, range 1.89 to 7.07; 

 

P

 

 

 

�

 

0.007, Mann-Whitney test) and normal squamous
esophagus tissues obtained from the control group
(median 4.58, range 3.45 to 14.72; P�0.002, Mann-
Whitney test; Fig. 4).

Fig. 1. Box and whisker plots of relative GSTPI mRNA ex-
pression levels for normal esophagus and Barrett’s esophagus
tissues from patients with the maximum diagnosis of Barrett’s
esophagus. The boxes show the twenty-fifth and seventy-fifth
percentile (interquartile) ranges. Median values are shown as a
horizontal black bar within each box. The whiskers show levels
outside the twenty-fifth and seventy-fifth percentiles. P � 0.001.

Table 1. GSTPI mRNA expression in tissues from patients with adenocarcinoma and Barrett’s esophagus

Pathology n

GSTPI expression
Interquartile range

(25th–75th percentiles) P valueMedian Range

EA group 21
Adenocarcinoma 1.34 0.19–4.90 0.71–2.14 0.006
Barrett’s esophagus 1.77 0.17–4.58 0.69–2.58
Normal esophagus 2.88 0.35–4.91 1.82–4.10

BE group 19
Barrett’s esophagus 4.14 1.89–7.07 1.29–3.19 0.001
Normal esophagus 2.34 0.55–5.64 2.95–5.30

CG group 10
Normal esophagus 4.58 3.45–14.72 3.85–6.70
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Immunohistochemical Results

The immunohistochemical staining score results
for GSTPI nuclear staining are shown in Table 2.
Nuclear staining was generally most intense in the
basal layer cells in normal squamous esophagus epi-
thelium, although there was also at least one case in
the intestinal metaplasia, LGD, and HGD groups

with strongly intense staining in most cells. GSTPI
protein expression was similar in each of the Bar-
rett’s intestinal metaplasia, LGD, and HGD groups,
but tended to be lower in adenocarcinoma cells than
in either the normal squamous esophagus or the Bar-
rett’s cells (see Table 2). Cytoplasmic GSTPI stain-
ing was either faint or absent in most Barrett’s cells
but was present in all of the normal squamous esoph-
agus epithelia, with moderately intense (2�) staining
in most normal squamous cells. Moderately intense
cytoplasmic staining was also present in two of five
adenocarcinoma tissues. Representative immunohis-
tochemically stained images are shown in Fig. 5.

Fig. 2. Box and whisker plots of relative GSTPI mRNA ex-
pression levels for normal esophagus (NE), Barrett’s esophagus
(BE), and adenocarcinoma tissues from patients with Barrett’s-
associated adenocarcinoma of the esophagus (EA). NE vs. BE,
P � 0.023; NE vs. EA, P � 0.011; BE vs. EA, P � NS.

Fig. 3. Box and whisker plots of relative GSTPI mRNA ex-
pression for metaplastic esophagus tissues from patients with
Barrett’s esophagus, and dysplastic esophagus and adenocarci-
noma tissue from patients with adenocarcinoma of the esopha-
gus. P � 0.026.

Fig. 4. Box and whisker plots of relative GSTPI mRNA ex-
pression levels for normal squamous esophagus tissues from a
control group (CG) without evidence of Barrett’s esophagus
or chronic gastroesophageal reflux, and patients with Barrett’s
esophagus (BE group) and patients with adenocarcinoma of
the esophagus (EA group). CG vs. BE, P � NS; CG vs. EA,
P � 0.001; BE vs. EA, P � 0.007.

Table 2. Immunohistochemical assessment of GSTPI 
protein expression

GSTPI nuclear staining
No.

of cases

Immunohistochemical 
staining score*

Mean Range

Normal squamous† 10 2.4 1.5–2.8
Intestinal metaplasia 10 1.1 0.3–2.2
Low grade dysplasia 5 1.1 0.9–1.5
High grade dysplasia 5 1.3 0.8–2.0
Adenocarcinoma 5 1.0 0.8–1.2

*Calculated by multiplying the staining intensity (0 to 3) by the pro-
portion of positively staining abnormal cells (see Material and Meth-
ods for details).
†Basal layer of normal squamous esophagus epithelium.
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DISCUSSION

The main risk factor for the development of
esophageal adenocarcinoma is the presence of Bar-
rett’s esophagus. The mechanisms underlying the in-
creased cancer development in this tissue are not
fully understood, but substantial evidence exists that
progression to Barrett’s cancer is associated with a
variety of genetic and epigenetic alterations.28–31 De-
creased levels of protective enzymes such as the
GSTs might increase the potential for the esoph-
ageal mucosa to accumulate certain genetic or epige-
netic alterations that ultimately lead to the develop-
ment of cancer. Several studies have reported lower
GSTPI enzyme activity and enzyme content in Bar-
rett’s esophagus and esophageal adenocarcinoma com-
pared to normal squamous esophagus,15,20 and Comp-
ton et al.21 found lower GSTPI mRNA levels using
Northern blot analysis in Barrett’s metaplasia com-
pared to normal squamous esophagus biopsy speci-
mens from the same patients. The GSTPI mRNA
levels were higher in adenocarcinoma than in Bar-
rett’s metaplasia in the study by Compton et al.,21

however, which suggests that further studies on the
GSTPI expression patterns in this disease are war-
ranted.

We used a quantitative real-time RT-PCR (Taq-
Man) method to analyze the GSTPI mRNA expres-
sion, and immunohistochemical analysis to assess
GSTPI protein expression in all histopathologic sub-
types of Barrett’s esophagus and Barrett’s-associated
adenocarcinoma of the esophagus. We found that
GSTPI mRNA and protein expression is decreased
in both Barrett’s esophagus and cancer tissues com-
pared with matching normal esophagus tissues. Our
results suggest that downregulation of GSTPI mRNA
expression is an early event in the development of
Barrett’s esophagus and might be associated with the
progression to adenocarcinoma. In contrast to the
study by Compton et al.,21 mRNA expression levels
were generally lower in adenocarcinoma compared
to Barrett’s tissues.

The mechanism for decreased GSTPI mRNA ex-
pression in this disease is not known. GSTPI mRNA
expression was proportional to GSTPI enzyme ac-

Fig. 5. Representative immunohistochemically stained images showing GSTPI protein expression in normal
squamous esophagus, Barrett’s esophagus, and esophageal adenocarcinoma. Uniform nuclear staining is
present in the normal squamous esophagus cells, but only nonuniform nuclear staining is seen in intestinal
metaplasia, LGD, HGD, and adenocarcinoma cells. (Original magnification for A–F, 	400.) A, Normal
squamous esophagus showing intense brown nuclear GSTPI staining and moderate cytoplasmic staining, es-
pecially in the basal layer cells. B, Barrett’s esophagus intestinal metaplasia showing nonuniform nuclear
staining but little cytoplasmic staining. An area of normal squamous esophagus is seen at the bottom of the
figure. C, Barrett’s esophagus with low-grade dysplasia. D, Barrett’s esophagus with high-grade dysplasia. E,
Esophageal adenocarcinoma. F, Esophageal adenocarcinoma with faint or absent GSTPI protein expression
adjacent to areas of normal squamous esophagus with moderate nuclear and cytoplasmic immunoreactivity.
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tivity in Barrett’s esphagus in the study by Compton
et al.,21 suggesting that expression is controlled at the
transcriptional level. Van Lieshout et al.32 reported
an inverse association between the occurrence of the
GSTPIb polymorphism and GSTPI enzyme activity
in patients with Barrett’s esophagus, indicating that
variations in the DNA sequence may be a mecha-
nism for downregulating GSTPI mRNA expression.
Another possible mechanism for transcriptional si-
lencing is hypermethylation of CpG islands within
promoter and 5� regions of various genes.33,34 Hy-
permethylation of the GSTPI gene in adenocarci-
noma of the esophagus has been reported recently,
although at a low frequency.31 Further studies are
warranted to determine the underlying mechanisms
leading to decreased GSTPI mRNA expression in
this disease.

We did not find any marked differences in GSTPI
protein expression in tissues from the Barrett’s stages
of intestinal metaplasia, LGD, and HGD. Similarly,
van Lieshout et al.32 reported lower GST enzyme ac-
tivity and content in Barrett’s esophagus compared
to normal esophagus mucosa, but no differences be-
tween the different stages of Barrett’s esophagus.
Using the fluorescent real-time RT-PCR (TaqMan)
method for GSTPI expression analysis, in contrast,
enabled us to detect significantly different GSTPI
mRNA levels between metaplastic and dysplastic
Barrett’s tissues. The differences between the pro-
tein or enzyme findings and our mRNA findings
may be explained by the greater sensitivity and more
quantitative nature of the TaqMan assay39 compared
to the protein assays or by the smaller number of
samples studied for protein expression or activity
compared to the 111 samples analyzed by RT-PCR.

Our results suggest that GSTPI mRNA expression
levels offer more promise than GSTPI protein levels
as biomarkers for following disease progression in in-
dividuals with Barrett’s esophagus. It seems plausible
that patients with Barrett’s esophagus, who have a
more abnormal GSTPI expression profile, are at
greater risk of progression to higher disease stages be-
cause of the decreased capacity to detoxify carcino-
gens, but this needs to be demonstrated in studies of
sequential biopsies in individual patients. It is likely
that molecular diagnosis and staging of Barrett’s
esophagus will probably require the assessment of a
panel of gene expressions. Studies from this institu-
tion and elsewhere suggest that many genes have sig-
nificantly different expressions or mutation frequen-
cies at different stages of Barrett’s disease.24,27,35–38

GSTPI mRNA expression levels were signifi-
cantly lower in normal squamous esophagus tissues
from patients with cancer compared to patients with
the maximum diagnosis of Barrett’s esophagus, and

the control group without evidence of Barrett’s esoph-
agus or chronic gastroesophageal reflux. We and
others have found similar evidence of the presence of
a widespread oncogenic “field effect” in the normal
esophagus of cancer patients in studies of gene ex-
pression and DNA methylation analysis.24,31,37,38–40

One explanation for this field change is that because
of an injurious environmental agent, for example, the
gastroesophageal refluxate, some of the early events
of tumorigenesis have already occurred. These early
events might predispose the apparently normal squa-
mous esophagus tissue to undergo further genetic
changes, leading ultimately to the development of
Barrett’s esophagus and adenocarcinoma. An alterna-
tive explanation is that clones of abnormal cells, in the
presence of cancer, have expanded widely through-
out the mucosa to replace previously normal cells. In
either case it is apparent that genetic changes can
precede the appearance of morphologic changes in
this disease.

CONCLUSION

Using a fluorescent quantitative PCR method for
GSTPI mRNA expression analysis, we detected sig-
nificant alterations in gene expression for each stage
of the Barrett’s metaplsia-dysplasia-adenocarcinoma
sequence. Loss of GSTPI mRNA and protein ex-
pression might be an important mechanism involved
in the development and progression of this disease.
Quantitation of GSTPI mRNA expression in pa-
tients with Barrett’s esophagus might be a useful
biomarker to identify patients at higher risk for pro-
gression to cancer.

REFERENCES

1. Devesa SS, Blot WJ, Fraumeni JF. Changing patterns in the
incidence of esophageal carcinoma in the United States.
Cancer 1998;83:2049–2053.

2. Lord RV, Law MG, Ward RL, Giles GG, Thomas RJ,
Thursfield V. Rising incidence of oesophageal adenocarci-
noma in men in Australia. J Gastroenterol Hepatol 1998;
83:2049–2053.

3. Blot WJ, McLaughlin JK. The changing epidemiology of
esophageal cancer. Semin Oncol 1999;26:2–8.

4. Pera M, Cameron AJ, Trastek VF, Carpenter HA, Zins-
meister AR. Increasing incidence of adenocarcinoma of the
esophagus and esophagogastric junction. Gastroenterology
1993;104:510–513.

5. Williamson WA, Ellis FH, Gibb SP, Shanian DN, Aretz
HT, Heatly GJ, Watkins E. Barrett’s esophagus: Prevalence
and incidence of adenocarcinoma. Arch Intern Med 1991;
151:2212–2216.

6. Cameron AJ, Lomboy CT. Barrett’s esophagus: Age, preva-



Journal of 
366 Brabender et al. Gastrointestinal Surgery

lence, and extent of the columnar epithelium. Gastroenter-
ology 1992;103:1241–1245.

7. Barrett MT, Sanchez CA, Prevo LJ, Wong DJ, Galipeau
PC, Paulson TG, Rabinovitch PS, Reid BJ. Evolution of
neoplastic cell lineages in Barrett’s esophagus. Nat Genet
1999;22:106–109.

8. Drewitz DJ, Sampliner RE, Garewal HS. The incidence of
adenocarcinoma in Barrett’s esophagus: A prospective study
of 170 patients followed 4.8 years. Am J Gastroenterol
1997;92:212–215.

9. Hayes JD, Pulford DJ. The glutathione S-transferase super-
gene family: Regulation of GST and contribution of the
isoenzymes to cancer chemoprevention and drug resistance.
Crit Rev Biochem Mol Biol 1995;30:445–600.

10. Morrow CS, Cowan CH, Goldsmith ME. Structure of the
human genomic glutathione S-transferase-� gene. Gene
1989;75:3–11.

11. Beckett GJ, Hayes JD. Glutathione S-transferases: Biomed-
ical applications. Adv Clin Chem 1993;30:281–380.

12. Tsuchida S, Sato K. Glutathione transferases and cancer.
Crit Rev Biochem Mol Biol 1992;27:337–384.

13. Peters WHM, Kock L, Nagengast FM, Kremers PG.
Biotransformation enzymes in human intestine: Critical lev-
els in the colon? Gut 1991;32:408–412.

14. Peters WHM, Nagengast FM, Van Tongeren JHM. Glu-
tathione S-transferase, cytochrome P450, and uridine 5�dipho-
sphate-glucuronosyltrasnferase in human small intestine and
liver. Gastroenterology 1989;96:783–789.

15. Peters WHM, Roelofs HMJ, Hectors MPC, Nagengast FM,
Jansen JBMJ. Glutathione and glutathione S-transferases in
Barrett’s epithelium. Br J Cancer 1993;67:1413–1417.

16. De Bruin WCC, Wagenmans MJM, Peters WHM. Expres-
sion of glutathione S-transferase �, P1-1 and T1-1 in the
human gastrointestinal tract. Jpn J Cancer Res 2000;91:
310–316.

17. Seidegrad J, Pero RW, Markowitz MM, Roush G, Miller
DG, Beattie EJ. Isoenzymes of glutathione S-transferases
(class �) as a marker for susceptibility for lung cancer: A fol-
low-up study. Carcinogenesis 1990;11:33–36.

18. Chevenix-Trench G, Young J, Coggan M, Board P. Glu-
tathione S-transferase M1, and T1 polymorphism: Suscep-
tibility to colon cancer and the age of onset. Carcinogenesis
1995;16:1655–1657.

19. Deakin M, Elder J, Hendrickse C, Peckham D, Baldwin D,
Pantin C, Wild N, Leopard P, Bell DA, Jones P, Duncan
H, Brannigan K, Alldersea J, Fryer AA, Strange RC. Glu-
tathione S-transferase GSTT1 genotype and susceptibility
to cancer: Studies of interactions with GSTM1 in lung,
oral, gastric and colorectal cancers. Carcinogenesis 1996;
17:881–884.

20. Van Lieshout EM, Tiemessen DM, Witteman BJM, Peters
WHM. Low glutathione and glutathione S-tranferase levels
in Barrett’s esophagus as compared to normal esophagus
epithelium. Jpn J Cancer Res 1999;90:81–85.

21. Compton KR, Orringer MB, Beer DG. Induction of glu-
tathione S-transferase-� in Barrett’s metaplasia and Bar-
rett’s adenocarcinoma cell lines. Mol Carcinog 1999;24:
128–136.

22. Ishioka C, Kanamaru R, Shibata H, Konishi Y, Ishikawa A,
Wakui A, Sato T, Nishihira T. Expression of glutathione
S-transferase-pi messenger RNA in human esophageal can-
cers. Cancer 1991;67:2560–2564.

23. Chomczynski P, Sacchi N. Single-step method of RNA iso-
lation by acid guanidinium thiocyanate-phenol-chloroform
extraction. Anal Biochem 1987;162:156–159.

24. Lord RV, Salonga D, Danenberg KD, Peters JH, De-

Meester TR, Park JM, Johannson J, Skinner KA, Chandra-
soma P, DeMeester SR, Bremner CG, Tsai PI, Danenberg
PV. Telomerase reverse transcriptase expression is in-
creased early in the Barrett’s metaplasia, dysplasia, carci-
noma sequence. J GASTROINTEST SURG 2000;4:135–142.

25. Heid CA, Stevens J, Livak KJ, Williams PM. Real time
quantitative PCR. Genome Res 1996;6:986–994.

26. Gibson UE, Heid CA, Williams PM. A novel method for real
time quantitative RT-PCR. Genome Res 1996; 6:995–1001.

27. Brabender J, Lord RV, Danenberg KD, Metzger R,
Schneider PM, Uetake H, Kawakami K, Park JM, Salonga
D, Peters JH, DeMeester TR, Hölscher AH, Danenberg
PV. Upregulation of ornithine decarboxylase mRNA ex-
pression in Barrett’s esophagus and Barrett’s associated ade-
nocarcinoma. J GASTROINTEST SURG 2001;5:174–182.

28. Rabinovitch PS, Reid BJ, Haggitt RC, Norwood TH, Rubin
CE. Progression to cancer in Barrett’s esophagus is associ-
ated with genomic instability. Lab Invest 1989;60:65–71.

29. Reid BJ, Blount PL, Rubin CE, Levine DS, Haggitt RC,
Rabinovitch PS. Flow-cytometric and histological progres-
sion to malignancy in Barrett’s esophagus: Prospective en-
doscopic surveillance of a cohort. Gastroenterology 1992;
102:1212–1219.

30. Reid BJ, Barrett MT, Galipeau PC, Sanchez CA, Neshat K,
Cowan DS, Levine DS. Barrett’s esophagus: Ordering the
events that lead to cancer. Eur J Cancer Prev 1996;2:57–65.

31. Eads CA, Lord RV, Wickramasinghe K, Long TL, Kurum-
boor SK, Bernstein L, Peters JH, DeMeester SR, De-
Meester TR, Skinner KA, Laird PW. Epigenetic patterns in
the progression of esophageal adenocarcinoma. Cancer Res
2001;61:3410–3418.

32. Van Lieshout EM, Roelofs HM, Dekker S, Mulder CJ,
Wobbes T, Jansen JB, Peters WH. Polymorphic expression
of the glutathione S-transferase PI gene and its susceptibil-
ity to Barrett’s esophagus and esophageal carcinoma. Can-
cer Res 1999;59:586–589.

33. Laird PW, Jaenisch R. The role of DNA methylation in
cancer genetics and epigenetics. Annu Rev Genet 1996;30:
441–446.

34. Baylin SB, Herman JG, Graff JR, Vertino PM, Issa JP. Al-
terations in DNA methylation: A fundamental aspect of
neoplasia. Adv Cancer Res 1998;72:141–196.

35. Schneider PM, Casson AG, Levin B, Garewal HS, Hoelscher
AH, Becker K, Dittler HJ, Cleary KR, Troster M, Siewert
JR, Roth JA. Mutations of p53 in Barrett’s esophagus and
Barrett’s cancer: A prospective study of ninety-eight cases. J
Thorac Cardiovasc Surg 1996;111:323–333.

36. Hayashi K, Metzger R, Salonga D, Danenberg K, Leich-
man LP, Fink U, Sendler A, Kelsen D, Schwartz GK,
Groshen S, Lenz HJ, Danenberg PV. High frequency of si-
multaneous loss of p16 and p16beta gene expression in
squamous cell carcinoma of the esophagus but not adeno-
carcinoma of the esophagus or stomach. Oncogene 1997;15:
1481–1488.

37. Lord RV, Tsai PI, Danenberg KD, Peters JH, DeMeester
TR, Tsao-Wei DD, Groshen S, Salonga D, Park JM,
Crookes PF, Kiyabu M, Chandrasoma P, Danenberg PV.
Retinoic acid receptor-� messenger RNA expression is in-
creased and retinoic acid receptor-
 is decreased in Barrett’s
intestinal metaplasia, dysplasia, adenocarcinoma sequence.
Surgery 2001;129:267–276.

38. Brabender J, Lord RV, Danenberg KD, Metzger R, Schneider
PM, Park JM, Salonga D, Groshen S, Tsai-Wei DD, De-
Meester TR, Hölscher AH, Danenberg PV. Increased c-myb
mRNA expression in Barrett’s esophagus and Barrett’s associ-
ated adenocarcinoma. J Surg Res 2001;99:301–306.



Vol. 6, No. 3
2002 GSTPI Expression in Barrett’s Esophagus and Esophageal Cancer 367

39. Eads CA, Danenberg KD, Kawakami K, Saltz LB, Blake C,
Shibata D, Danenberg PV, Laird PW. Methylight: A high-
throughput assay to measure DNA methylation. Nucleic
Acids Res 2000;28:E32.

40. Eads CA, Lord RV, Kurumboor SK, Wickramasinghe K,

Skinner ML, Long TI, Peters JH, DeMeester TR, Danen-
berg KD, Danenberg PV, Laird PV. Fields of aberrant
CpG island hypermethylation in Barrett’s esophagus and
associated adenocarcinomas. Cancer Res 2000;60:5021–
5026.



 

Original Articles

 

© 2002 The Society for Surgery of the Alimentary Tract, Inc. 1091-255X/02/$—see front matter
Published by Elsevier Science Inc. PII: S1091-255X(02)00019-7

 

368

 

Development of Achalasia Secondary to Laparoscopic 
Nissen Fundoplication

 

Nicholas Stylopoulos, M.D., Cheryl J. Bunker, M.D., David W. Rattner, M.D.

 

Dysphagia after laparoscopic Nissen fundoplication (LNF) is commonly attributed to edema and/or im-
properly constructed wraps, and in some instances the cause can be difficult to identify. We report, for
the first time, the development of secondary achalasia after LNF as a cause of late-onset postoperative
dysphagia. A total of 250 consecutive patients undergoing LNF were analyzed for the development of
postoperative dysphagia at a university hospital. Patients were considered to have secondary achalasia if
they met the following four criteria: (1) preoperative manometry demonstrating normal peristalsis and
normal lower esophageal sphincter (LES) relaxation; (2) lack of esophageal peristalsis on postoperative
manometry or fluoroscopy with or without incomplete LES relaxation; (3) no mucosal lesions seen on
endoscopy; and (4) dysphagia refractory to dilatation. The following three groups of patients were identi-
fied: patients who developed secondary achalasia (group A, n 

 

�

 

 7); patients with persistent dysphagia re-
quiring and responding to postoperative dilatation (group B, n 

 

�

 

 12 patients); and patients whose postop-
erative recovery was not complicated by dysphagia (group C, n 

 

�

 

 231). The groups were comparable in
terms of all preoperative variables except for age. Patients in group A were older than those in group B
(57 years [range 27 to 66 years] vs. 36.5 years [range 27 to 63 years], 

 

P

 

 

 

�

 

 0.028) but were not significantly
older than patients in group C (45 years [range 20 to 84 years], 

 

P

 

 

 

�

 

 0.42). The onset of severe dysphagia
was later in group A than in group B (135 days [range 15 to 300 days] vs. 20 days [range 9 to 70 days], 

 

P

 

 

 

�

 

0.002). The median weight loss in group A was also significantly greater than in Group B (15 pounds
[range 11 to 44 pounds] vs. 4 pounds [range 0 to 15 pounds], 

 

P

 

 

 

�

 

 0.0007). Two patients in group A who
underwent reoperation failed to improve. Botulinum toxin injections were tried in two patients and
Heller myotomy in one with good results. Nine patients in group B improved promptly after one dilata-
tion, and three improved after two dilatations. Secondary achalasia should be considered as one of the
causes of persistent dysphagia after an apparently successful antireflux operation. Secondary achalasia
tends to occur in older patients and is characterized by a delayed onset of symptoms. Imaging studies are
a reliable means of excluding mechanical obstruction as a cause of secondary achalasia, and a negative re-
sult should raise the suspicion of secondary achalasia. Esophageal motility studies are necessary to con-

 

firm the diagnosis. Failure to consider the diagnosis of secondary achalasia can lead to multiple fruitless
attempts at dilatation or even inappropriate reoperations. ( J G
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URG

 

 2002;6:368–378.)
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Dysphagia is a well-known complication of both
open and laparoscopic antireflux operations. Postop-
erative dysphagia is usually transient, subsiding within
several weeks of the operation as edema at the surgi-
cal site resolves. Esophageal dilatation may be neces-
sary in 5% to 10% of patients to facilitate this pro-
cess. A small subset of patients develops permanent
dysphagia after antireflux surgery. Causes of perma-
nent dysphagia include mechanical obstruction at

the crural level and problems with placement or con-
struction of the fundic wrap. Several investigators
have reported hiatal fibrosis due to use of electrocau-
tery or overly tight closure of the hiatus. Similarly,
wraps that are constructed improperly or have slipped
may also lead to nondilatable dysphagia.

 

1–6

 

 In some
instances, however, the cause of dysphagia that devel-
ops after an apparently technically successful operation
can be difficult to identify. In our recent experience,
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we encountered seven patients who developed late-
onset dysphagia after laparoscopic Nissen fundopli-
cation (LNF) and ultimately were found to have ra-
diographic and manometric changes consistent with
achalasia. The aim of this study was to report on the
development of secondary achalasia after LNF and to
identify those characteristics that distinguish second-
ary achalasia from routine post-Nissen dysphagia.

 

PATIENTS AND METHODS

 

A prospective database was maintained for all an-
tireflux operations performed by a single surgeon at
a university hospital. A total of 250 consecutive pa-
tients undergoing LNF were retrospectively ana-
lyzed for the development of postoperative dysph-
agia. The 105 men and 145 women had a median age
of 42 years (range 20 to 84 years). The indication for
surgery was symptomatic gastroesophageal reflux
disease (GERD) that was unresponsive to medical
therapy. Patients operated on for treatment of parae-
sophageal hernias were excluded from this series. All
patients underwent manometry and upper gas-
trointestinal endoscopy preoperatively. Esophageal
motility studies were performed using a water-per-
fused system (Synectics Medical, Stockholm, Swe-
den). Lower esophageal sphincter resting pressure
and relaxation were calculated relative to intragastric
pressure. The diagnostic evaluation also included
24-hour pH probe monitoring for patients without
documented esophagitis (163 patients) and barium
esophagograms in 130 patients. LNF was performed
in a standardized fashion that included loose crural
closure, which left 1.5 cm of free space in the hiatus
(measured with a pneumoperitoneum of 15 mm Hg),
routine division of the short gastric vessels, and cre-
ation of a 2 cm wrap over a 56 F dilator. Patients
were discharged the morning after surgery and in-
structed to remain on a full liquid diet for 1 week.
Diets were then advanced to solid food as tolerated.
Patients with dysphagia (defined as the inability to
tolerate soft solids) persisting for more than 4 weeks
underwent barium esophagograms. Patients who had
ongoing weight loss or anxiety were considered for
esophageal dilatation. The following three groups of
patients were retrospectively identified: group A 

 

�

 

patients who developed secondary achalasia after
LNF; group B 

 

�

 

 patients with persistent dysphagia
requiring and responding to postoperative dilatation;
and group C 

 

�

 

 patients whose postoperative recov-
ery was not complicated by dysphagia. The preoper-
ative characteristics of the three groups of patients
are shown in Table 1.

Patients were considered to have secondary acha-
lasia if they met the following criteria: (1) Preopera-

tive manometry demonstrating normal peristalsis
with normal mean amplitudes of contraction (

 

�

 

35
mm) both proximally and distally, and normal lower
esophageal sphincter (LES) relaxation; (2) complete
disappearance of esophageal peristalsis on postopera-
tive manometry or fluoroscopy with or without in-
complete LES relaxation; (3) no mucosal lesions seen
on endoscopic examination; and (4) dysphagia re-
fractory to dilatation with 18 mm esophageal balloon
dilators.

 

Statistical Analysis

 

All statistical analysis was carried out with the use
of the SPSS statistical computer program (SPSS for
Windows version 10.0, SPSS, Inc., Chicago, Illi-
nois). Data are expressed as medians with ranges
when appropriate. Groups were compared by means
of the Mann-Whitney U test and Fisher’s exact test.
A 

 

P

 

 value of less than 0.05 was considered statisti-
cally significant.

 

RESULTS

 

Statistical analysis showed that patient groups
were comparable in terms of all preoperative vari-
ables (symptoms and test results) except for age (see
Table 1). Patients who developed secondary achala-
sia (group A) were older than those who required di-
latation for relief of dysphagia (group B) (57 years
[range 27 to 66 years] vs. 36.5 years [range 27 to
63years], 

 

P

 

 

 

�

 

 0.028) but were not significantly older
than patients with routine recovery (group C) (45
years [range 20 to 84 years], 

 

P

 

 

 

�

 

 0.42).

 

Group A

 

Seven patients had secondary achalasia. A brief
case history of each patient is presented in Table 2.
The median age was 57 years (range 27 to 66 years).
All patients described a period with minimal or no
dysphagia after the operation. All were able to ingest
soft solids during the early postoperative period.
However, all reported progressive difficulty swallow-
ing such that dysphagia became severe enough to
cause them to seek medical advice. Four patients had
regurgitation of undigested food occurring most
commonly at night. Five patients had respiratory
symptoms, which included aspiration, hoarseness,
persistent cough, and exacerbation of asthma. Three
patients complained of pain that was described as
heartburn (n 

 

�

 

 2) or chest pain (n 

 

�

 

 1). The median
postoperative weight loss was 15 pounds (range 11 to
44 pounds). Two patients met the standard mano-
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metric criteria for a diagnosis of achalasia (i.e., in-
complete LES relaxation associated with esophageal
body aperistalsis) (Fig. 1). In five patients, esoph-
ageal manometry demonstrated aperistalsis but ap-
parent complete LES relaxation. Results of barium
swallow tests were abnormal in all patients (Fig. 2).

The median duration from the date of surgery to
reevaluation was 135 days (range 15 to 300 days).
The onset of severe dysphagia in patients with sec-
ondary achalasia occurred later than in patients who
required dilatation (135 days [range 15 to 300days]
vs. 20 days [range 9 to 70 days), 

 

P

 

 

 

�

 

 0.002) (Fig. 3).
The median weight loss in patients with secondary
achalasia was significantly greater than in those re-
quiring dilatation (15 pounds [range 11 to 44
pounds] vs. 4 pounds [range 0 to 15 pounds], 

 

P

 

 

 

�

 

0.0007). Esophageal balloon dilatation to 18 mm in
three cases and to 20 mm in four cases was unsuc-
cessful in relieving dysphagia. One patient who un-
derwent conversion from a Nissen fundoplication to
a Toupet fundoplication failed to improve. How-
ever, botulinum toxin injection was tried in three pa-
tients and Heller myotomy in one with good results.
The history of two patients in particular is notewor-
thy and merits separate mention.

 

Case 1. 

 

A 48-year-old man (patient 1 in Table 2)
was referred for management of medically intracta-
ble gastroesophageal reflux disease. An upper gas-
trointestinal series demonstrated good peristaltic
waves, free gastroesophageal reflux, and a small hi-
atal hernia. Preoperative manometry showed normal
LES pressure and relaxation, and normal esophageal
peristalsis. The patient underwent a successful LNF.
Postoperatively he remained free of symptoms of
gastroesophageal reflux disease for a period of 150
days. By the end of this period, however, the patient
reported the new onset of dysphagia for solids, noc-

turnal regurgitation, aspiration, coughing, and chok-
ing after most meals. An upper gastrointestinal series
showed a functional obstruction at the gastroesoph-
ageal junction with delayed emptying of barium and
no peristaltic activity. Esophageal manometry con-
firmed incomplete relaxation of the LES and demon-
strated only nonpropulsive contractions. Esophageal
dilatation with an 18 mm balloon was subsequently per-
formed, but no improvement was seen. A decision to
take down the fundoplication and reconstruct a par-
tial wrap was made, and 180 days after the original
operation, a redo laparoscopic Toupet fundoplica-
tion was performed. At reoperation, the Nissen fun-
doplication was intact. There did not appear to be
excessive fibrosis of the hiatus and, in fact, the hiatal
diameter appeared to be ample with some mobility
of the esophagus within it. At a follow-up 3 weeks af-
ter the reoperation, the patient reported that his
swallowing was better than it had been preopera-
tively, but it was far from optimal. However, the dys-
phagia worsened again and it became apparent that
the revision of the initial procedure had not relieved
his symptoms. A repeat esophageal manometric
study demonstrated findings consistent with achala-
sia (Fig. 4). No peristalsis was noted either on endo-
scopic or fluoroscopic examination, and a barium
swallow showed a bird beak–like appearance of the
distal esophagus. Botulinum toxin was then injected
locally at the LES, and the dysphagia was transiently
improved. The patient continued to complain of
chest pain and respiratory symptoms, and therefore
underwent a Heller myotomy with excellent relief of
dysphagia.

 

Case 2.  

 

A 57-year-old woman (patient 2 in Table
2) was referred for evaluation and management of
complications subsequent to a laparoscopic Nissen
fundoplication performed at another hospital. She had

 

Table 1.

 

 Preoperative characteristics of patients in Groups A, B, and C

 

Group A Group B Group C

 

Patients (n) 7 12 231
Male/female ratio (n) 2/5 6/6 97/134
Median age (yr) 57 (range 27–66) 36.5 (range 27–63) 45 (range 20–84)
Median BMI 27 (range 23–29) 26.2 (range 19–32) 28.4 (range 18.5–45)
Typical GERD symptoms (n)* 7 11 191
Atypical GERD symptoms (n)* 3 3 67
Preoperative dysphagia (n) 0 3 20
Hiatal hernia (n) 7 5 156
Barrett’s esophagus (n) 2 2 35
Mean amplitude of distal esophageal peristaltic 

contractions preoperatively (mm Hg)
57 55 56

Mean LES resting pressure preoperatively (mm Hg) 16.8 13.3 14.0

 

BMI 

 

�

 

 body mass index; n 

 

�

 

 number of patients.
*Some patients had both typical and atypical GERD symptoms.
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a long history of gastroesophageal reflux, and the di-
agnostic evaluation before her initial operation re-
vealed Barrett’s esophagus and a small hiatal hernia.
Manometry demonstrated a low resting tone of the
LES with normal relaxation and normal esophageal
peristalsis. After LNF, the patient had mild dysphagia
but was primarily troubled by nausea after eating. She
also reported a 30-pound weight loss, anorexia, and
frequent diarrhea. She underwent an upper gastrointes-
tinal series, which demonstrated a small residual axial
hiatal hernia, with an ulcer in the herniated cardia, as
well as retained food in the gastric fundus and an-
trum. Results of esophagogastroduodenoscopy were
consistent with gastroparesis; esophagogastroduode-
noscopy confirmed the presence of retained food in
the stomach after an overnight fast and showed gastritis
with multiple superficial erosions at the diaphragmatic
level of the hiatal hernia. Given these results, a decision
was made to revise the fundoplication and perform a

pyloroplasty. Thus 4 months after the original oper-
ation, the patient underwent an open redo Nissen
fundoplication and a Heinecke-Mikulicz pyloro-
plasty. At reoperation the fundoplication was found
to be completely herniated into the mediastinum, and
neither the anterior nor the posterior vagus nerve
could be identified. The hernia was reduced and the
wrap was taken apart completely. No significant
esophageal shortening or scarring was noted, and the
crural defect was rather large. A 2 cm standard 360-
degree Nissen fundoplication was constructed over a
56 F Maloney dilator, and a pyloroplasty was per-
formed. Following discharge from the hospital, the pa-
tient had progressively worsening dysphagia and was
only able to tolerate clear liquids. One month later,
the patient continued to have dysphagia for solids and
was reluctant to ingest significant amounts by mouth.
This resulted in an additional 14-pound weight loss. A
jejunostomy tube was placed and a new round of diag-

 

Table 2. 

 

Characteristics of patients with secondary achalasia

 

Patient
Age (yr)/

Sex
Preoperative

symptoms
UGI and 

endoscopy Postoperative symptoms
Postoperative 

UGI/Manometry Intervention/Outcome

 

1 48/M Heartburn, 
regurgitation,
chest pain

HH/antritis Dysphagia, chest pain, 
regurgitation, 
respiratory 
symptoms, 12-
pound weight loss

Aperistalsis, dilation, 
delay in emptying 
of barium/
Aperistalsis, 
incomplete LES 
relaxation

Dilatation/NI
Redo laparoscopic 
Toupet/NI
Botulinum toxin/I
Heller myotomy/I

2 57/F Heartburn, 
regurgitation

HH
Barrett’s 
esophagus
Antritis

Dysphagia, heartburn, 
nausea, diarrhea, 44-
pound weight loss

Aperistalsis, dilatation, 
delay in emptying 
of barium/
Aperistalsis, 
incomplete LES 
relaxation

Redo open Nissen, 
Heinecke-
Miculicz/NI
Dilatation/NI
Botulinum toxin/I

3 65/F Heartburn, 
regurgitation

HH
Barrett’s 
esophagus

Dysphagia, heartburn, 
regurgitation, 15-
pound weight loss

Aperistalsis, 
Dilatation/
Aperistalsis

Dilatation/NI

4 53/F Heartburn, 
regurgitation, 
respiratory 
symptoms

HH Dysphagia, respiratory 
symptoms, 11-
pound weight loss

Aperistalsis, delay in 
emptying of 
barium/Aperistalsis

Dilatation/NI

5 66/F Heartburn, 
regurgitation, 
respiratory 
symptoms

HH/antritis Dysphagia, respiratory 
symptoms, 21-
pound weight loss

Aperistalsis/
Aperistalsis

Dilatation/NI

6 27/F Heartburn, 
regurgitation, 
respiratory 
symptoms

HH Dysphagia, 
regurgitation, 
respiratory 
symptoms, 19-
pound weight loss

Aperistalsis, dilatation, 
delay in emptying 
of barium/
Aperistalsis

Dilatation/NI
Botulinum toxin/I

7 57/M Heartburn, 
regurgitation

HH Dysphagia, gas bloat 
syndrome, 15-pound 
weight loss

Aperistalsis, 
dilatation/
Aperistalsis

Dilatation/NI

 

HH 

 

�

 

 hiatal hernia; I 

 

�

 

 improvement; NI 

 

�

 

 no improvement; UGI 

 

�

 

 upper gastrointestinal series.
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nostic tests was initiated. An upper gastrointestinal se-
ries demonstrated dilatation of the esophageal body
and complete disappearance of esophageal peristal-
sis. Manometry confirmed the absence of peristalsis
and showed incomplete LES relaxation. The patient
failed to respond to esophageal dilatation with the use
of a 20 mm balloon dilator. Subsequently an intras-
phincteric injection of botulinum toxin was adminis-
tered, and the patient has had a good response to date.

 

Group B

 

The 12 patients in this group had either persistent
dysphagia or severe early dysphagia, which required
dilatation. The median age was 36.5 years (range 27
to 63 years). These patients uniformly had difficulty
progressing from clear liquids to a full liquid and/or
soft solid diet. Despite dietary modifications and
other conservative measures, the dysphagia failed to

Fig. 1. Manometric tracing from a typical achalasia patient
(not a postoperative patient from the current series). Ports 2
to 5 demonstrate simultaneous low-amplitude mirror-image
contractions in response to the swallow. Port 6 shows a high
resting pressure of the LES with no significant relaxation in
response to a swallow.

Fig. 2. A, Barium swallow of a patient with secondary achala-
sia (patient 6 in Table 2). Note the retained food and minimal
dilatation of the esophagus. No peristalsis was observed dur-
ing fluoroscopy. B, Barium swallow of a patient with early
postoperative dysphagia that responded to dilatation. Note
the narrowing at the site of the fundoplication and dilatation
of the proximal esophagus.
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resolve. Esophageal peristalsis was evaluated by an
upper gastrointestinal series and was found to be
normal in all patients. Barium radiographs consis-
tently demonstrated narrowing at the fundoplication
site. These patients tended to be highly symptomatic
and underwent endoscopy and balloon dilatation at a
median of 20 days postoperatively (range 9 to 70
days). Nine of the 12 patients showed prompt im-
provement after one dilatation, whereas three im-
proved after a second dilatation. No patient has sub-
sequently complained of persistent dysphagia.

 

Group C

 

A total of 231 patients had postoperative recovery that
was not complicated by clinically significant dysphagia.

 

DISCUSSION

 

Achalasia is a rare disorder characterized by al-
most complete disruption of normal esophageal mo-
tility. An epidemiologic study from Rochester, Min-
nesota has shown an incidence of 0.6 new cases per
100,000 population per year.

 

7

 

 According to the
Agency for Healthcare Research and Quality, acha-
lasia was the chief reason for 2612 hospital admis-
sions in 1997.

 

8

 

 Secondary achalasia refers to achala-
sia that develops as a result of an underlying
disorder. It has been associated with a variety of con-
ditions, which are summarized in Table 3. The de-

velopment of achalasia after surgery is a rare occur-
rence. Only 60 cases have been reported in the
English literature since 1947,

 

9–28

 

 and of these only 10
occurred after antireflux surgery

 

25–28

 

 (Table 4). The
current series is the first to report the development
of secondary achalasia after LNF. Because antireflux
operations are being performed more frequently in
the laparoscopic era, it is likely that more cases of
secondary achalasia will occur.

The pathophysiology of primary and secondary
achalasia remains unknown, and a variety of neuro-
pathic changes and physiologic abnormalities have
been described.

 

29

 

 Experimental models of achalasia
have been produced by placing a constrictive band
around the distal esophagus in cats.

 

30

 

 This may be
analogous to what has been described as iatrogenic
achalasia.

 

25

 

 In patients with iatrogenic achalasia, the
loss of peristalsis and LES dysfunction is precipitated
by mechanical narrowing of the region of the gas-
troesophageal junction, which is related to inflam-
mation, edema, hematoma, fibrosis, or a tight fun-
doplication. The onset of dysphagia usually occurs in
the early postoperative period, but it can also occur
many years after the operation. Some patients re-
spond to dilatation, but in the most patients take-
down of the stenotic repair is required. Another cat-
egory of patients are those with unrecognized
preoperative primary achalasia who are mistakenly
diagnosed and treated as having gastroesophageal re-
flux.

 

31,32

 

 They should not be considered as having
secondary achalasia, because the condition existed
prior to antireflux surgery. These observations high-
light the importance of routinely assessing esoph-
ageal motility preoperatively to rule out the presence
of a primary esophageal motor disorder before per-
forming antireflux surgery.

Poulin et al.

 

28

 

 have proposed a classification of the
achalasia syndromes that are seen after antireflux
surgery based on the timing of the appearance of
symptoms and the duration of the symptom-free in-
terval. According to these investigators, secondary
achalasia is the development of achalasia in the early
postoperative period that is caused by fibrosis or
stenosis at the operative site. Patients with late-onset
achalasia after antireflux surgery, without evidence
of mechanical obstruction, are classified as having
metachronous primary achalasia. The term “pri-
mary” is used because the authors suggest that this
syndrome cannot be demonstrated to be related to
hiatal surgery. We believe that the interval between
hiatal surgery and the development of achalasia is
not a useful predictor of the pathogenic cause of
achalasia and cannot preclude a possible causative re-
lationship between antireflux surgery and achalasia.
Because the incidence of achalasia in the general

Fig. 3. Graphic representation of the time from surgery to
the onset of dysphagia in patients with secondary achalasia
(Group A, left) and patients with edema of the fundoplication
that responded to dilatation (Group B, right). Patients with
secondary achalasia had a delayed onset of dysphagia relative
to patients whose dysphagia was presumably secondary to
edema and responded to dilatation.
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population is low and the frequency of antireflux sur-
gery in the population is also low, the association of
LNF and secondary achalasia suggests that achalasia
in these patients is related to surgery.

The precise mechanism for the development of sec-
ondary achalasia in our patients is unclear. LNF was
performed in the same standardized fashion, and in six
of seven patients the operation appeared to be a techni-
cal success. Postoperative barium radiographic and en-
doscopic findings ruled out mechanical reasons and
technical errors (with the exception of patient 2). Two
patients have undergone reoperation. In one of them, a
vagal nerve injury was identified. At reoperation in both
patients, the fundoplication did not appear to be tight

and there was no evidence of excessive scar tissue for-
mation either at the hiatus or the wrap. Because vagal
injury was evident in only one patient, it is doubtful that
vagal denervation of the esophagus was the only cause
of secondary achalasia in this series. Postvagotomy
achalasia is believed to be related to interruption of the
vagal preganglionic fibers that supply the LES rather
than the distal nerve segments. Furthermore, although
vagotomy may occasionally be associated with transient
postoperative dysphagia, it does not usually lead to the
manometric features of classic achalasia.

Two of our patients met the standard manometric
criteria for diagnosis of achalasia (i.e., incomplete re-
laxation of the LES associated with esophageal body

Fig. 4. Manometric tracing from patient 1 with findings of secondary achalasia. This tracing is remark-
ably similar to that shown in Fig. 1. Just as in classic achalasia, ports 2 to 5 demonstrate simultaneous
mirror-image contractions in response to the swallow. Port 6 shows normal resting pressure of the LES,
but with incomplete relaxation in response to a swallow.
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aperistalsis), whereas five patients demonstrated
aperistalsis but appeared to have nearly complete re-
laxation of the LES.

 

33–37

 

 It has been postulated that
these patients suffer from a somewhat milder impair-
ment of LES function, and this manometric finding
does not preclude the diagnosis of achalasia, pro-
vided that the typical symptoms and radiographic
findings are seen. LES relaxation in patients with
aperistalsis documented by manometry has been de-
scribed as a marker for a subgroup of patients with
an early stage of achalasia. In our study, patients with
incomplete LES relaxation were diagnosed earlier,
had a shorter symptom-free period, and showed a
greater maximal weight loss compared to patients
with complete LES relaxation.

The patients in this series had neither misdiag-
nosed primary achalasia nor iatrogenic achalasia. All
patients had normal esophageal peristalsis preopera-
tively and normal relaxation of the LES. Cautery was
not used in the hiatal dissection, and the loose crural
closure always left adequate space around the esopha-
gus. Multiple dilations with 18 mm and 20 mm dila-
tors failed to improve dysphagia in the patients with
secondary achalasia, whereas patients in group B with
persisting postoperative edema uniformly responded

 

to this treatment modality. Furthermore, dysphagia
rarely began immediately postoperatively, and all pa-
tients treated with botulinum toxin thus far have re-
sponded. If the etiology of their dysphagia was due to
a mechanical narrowing or fibrosis, the dysphagia
would not be expected to respond to botulinum toxin.

The addition of our seven patients yields a total of
17 reported cases of secondary achalasia after antire-
flux surgery. In these patients, there is no apparent ex-
planation for postsurgical achalasia. There is no evi-
dence of fibrosis, scarring, or stenosis either on
diagnostic studies or at reoperation. Patients usually
have a long symptom-free period that may even last
for years. Poulin et al.

 

28

 

 described a patient who had
undergone antireflux surgery at the age of 38 years.
After a symptom-free interval, she gradually devel-
oped symptoms of dysphagia and underwent multiple
dilatations. She was finally diagnosed and treated ap-
propriately 31 years after the initial operation. These
patients are unresponsive to dilatation, and revision of
the initial procedure may fail to relieve dysphagia if
the diagnosis of secondary achalasia has not been
made. The administration of botulinum toxin has the
same therapeutic effects and disadvantages in patients
with secondary achalasia as it does in patients with pri-
mary achalasia. Esophageal myotomy has provided
excellent results and is probably the optimal therapy
once the diagnosis of secondary achalasia is made.

This study should alert surgeons to consider second-
ary achalasia as one of the causes of persistent dysphagia
after an apparently successful antireflux operation. Fail-
ure to consider the diagnosis of secondary achalasia can
lead to multiple fruitless attempts at dilatation or even
inappropriate surgical conversion of LNF to a partial
fundoplication. The clinical characteristics that distin-
guish secondary achalasia from routine post-Nissen
dysphagia include occurrence in older patients and de-
layed onset of symptoms. All patients describe a period

 

Table 3.

 

 Causes of secondary achalasia

 

Chagas’ disease
Neoplasms of the distal esophagus and gastric cardia
Nongastrointestinal neoplasms
Hematologic malignancies
Amyloidosis
Connective tissue–autoimmune diseases
Rare familial and congenital disorders
Pancreatic pseudocyst
Surgery

 

Table 4.

 

 Reported cases of secondary achalasia after surgery

 

References Operation
No. of 

patients Proposed pathogenesis

 

9–24 Vagotomy 21 Inflammation, edema, hematoma, fibrosis
9–17 Truncal 15

18–23 Selective 5
24 Highly selective 1
25 Hill procedure 6 Tight wrap/diaphragmatic closure
26 Pexy of the round ligament 2 Fibrosis/stricture
25 Aorta–superior mesenteric artery bypass graft 

(diaphragmatic closure)
1 Tight diaphragmatic closure

27 Radical gastrectomy 1 Tumor invasion of the myenteric plexus/vagus
28 Open Collis-Nissen gastroplasty 1 Not apparent
28 Open posterior fundoplication 1 Not apparent
Current series Laparoscopic Nissen fundoplication 7 Not apparent
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of relatively normal swallowing before the progressive
and relatively surprising onset of severe dysphagia. Bar-
ium swallow and endoscopy are reliable means for ex-
cluding mechanical obstruction, and normal results of
these tests should raise the suspicion of secondary acha-
lasia. Esophageal motility studies are necessary to con-
firm the diagnosis when it is suspected. It has been
stated that the surgical literature underreports the nu-
merous gastrointestinal side effects that are commonly
seen after fundoplications.

 

38

 

 On the basis of our experi-
ence, we believe that secondary achalasia after surgery
for GERD may be an underrecognized complication.
With the increasing volume of fundoplications now be-
ing performed, this entity needs to be considered in the
evaluation of postoperative dysphagia.
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Discussion

 

Dr. P. Barham: 

 

(Bristol, U.K.): I am not sure if I
got this right. Were you investigating these patients
4 weeks after surgery?

 

Dr. D.W. Rattner: 

 

Yes, in persons who were un-
able to ingest soft solids and who were losing weight,
we obtained a barium swallow.

 

Dr. Barham: 

 

So, this treatment was all carried
out well before a year after their operations?

 

Dr. Rattner: 

 

Yes.

 

Dr. Barham: 

 

Because dysphagia will improve up
to 6 months after surgery, and it is a common finding
in the presence of an obstructed esophagus, either
because of a tumor or some other mechanism, you
will notice a pattern of achalasia. So you may be
treating the early postoperative results rather than
the true development of achalasia. Obstructed bowel
will show simultaneous contractions.

 

Dr. Rattner: 

 

That is correct. I think your concern
is one that we share; however, endoscopically there is
no evidence of obstruction. Furthermore, these pa-
tients have a delayed onset of dysphagia. These pa-
tients were dysphagia free until approximately 4
months after surgery, and some of them presented as
late as 11 and 12 months. So I think primary ob-
struction is unlikely to be the cause.

 

Dr. J.H. Peters 

 

(Los Angeles, CA): I have been
impressed by the number of patients who, if they are
studied on postoperative day 2 or 3, have an aparistal-
tic dilated esophagus, but I would agree, this is differ-
ent. My question is stimulated by a patient that I am
currently treating who is struggling with this—a radi-
ologist, actually. What is the natural history of this
disease? Did you have any patients whom you did not
treat, and can you give me some assurance that they
are going to get better?

 

Dr. Rattner: 

 

We have four patients who have re-
fused further intervention and who are struggling
along. None of them were really able to resume eat-
ing solid food; none of them have gotten back to
their preoperative weight. They are not particularly
happy, and they have refused further intervention.

 

Dr. J.G. Hunter 

 

(Portland, OR): We have dis-
cussed several of these patients via e-mail. Our prob-
lem was that when we started performing Heller my-
otomies in patients with postfundoplication achalasia,
they developed rather significant reflux postopera-
tively, so I discontinued that practice and started con-
verting these patients to a Toupet fundoplication. We
are really dealing with just a small body of experience,

 

and I am not sure we have the answer. We should look
at results of histologic examinations to see whether the
pathologic findings of achalasia are present. In lieu of
that, I think the other thing we could look at is post-
operative motility to see if this meets the criteria for a
variation of Koch’s postulates. If this is true achalasia,
then peristalsis should not return after a Heller myot-
omy; if this is outflow obstruction, there may be some
return of peristalsis. Have you done any motility
studies in these patients?

 

Dr. Rattner: 

 

I am sorry I did not make that clear.
All seven have undergone postoperative motility test-
ing, and the motility studies, in general, were done be-
tween 4 and 8 months after surgery. All have showed
absence of peristalsis or mirror-image nonconducted
contractions.

 

Dr. R. Onders 

 

(Cleveland, OH): I think Dr.
Hunter was right on target with his point about the pa-
thology of achalasia. I am able to routinely obtain a bi-
opsy specimen of the esophageal muscle during a myo-
tomy for pathologic diagnosis. Have you done that in
these patients and will you perform a biopsy in the fu-
ture? This will be the key in determining whether this
is secondary or primary achalasia based on the inflam-
mation of the ganglion cells in the biopsy specimen.

 

Dr. Rattner: 

 

We have not but I will. I cannot
imagine that this is primary achalasia, because it is a
rare disease, and so it is unlikely that we would have
come into a cohort. There is a very good paper, if
you were interested in reading more about this, that
was published in the J

 

OURNAL

 

 

 

OF

 

 G

 

ASTROINTESTI-
NAL

 

 S

 

URGERY and presented as a poster at the 2000
SSAT meeting describing similar results. But none of
the patients here had achalasia preoperatively. They
all had normal preoperative manometric findings.

Dr. R. Bell (Englewood, CO): The question that
you did not answer obviously is patients did not have
manometric criteria for achalasia preoperatively, but
didn’t all of them have pH testing? Did you go back
and look at those who had pH testing to make sure
none of them had pseudoreflux? What percentage of
these patients did not have a pH test? I think those
are all basic questions that I am sure you have stud-
ied but need to be answered.

Dr. Rattner: I cannot tell you the answer off the
top of my head as to what percentage of these pa-
tients did not have pH tests. They all either had doc-
umented esophagitis on biopsy or heartburn that re-
sponded to protein pump inhibitors.
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Invited Discussion—Expert Commentator

Tom R. DeMeester, M.D. (Los Angeles, CA): This
paper was excellent. The authors defined this new
problem, secondary achalasia. These patients had
preoperative normal motility; a symptom-free pe-
riod, which I think is an extremely important obser-
vation; and then no mechanical cause for dysphagia.
But that may be a little difficult to know. And in a
laboratory, if you put a ribbon around the lower
esophagus so that the length of the ribbon equals
110% of the circumference of the sphincter that you
put it around, it will induce dysphagia and it will in-
duce obstruction, because you have to allow for com-
pliance as the bolus goes through, and if you inter-
rupt compliance, you can cause dysphagia. So I am
not sure we can be absolutely sure there is no out-
flow obstruction in patients who don’t have any ana-
tomical evidence for it.

What is really important to look at is whether
there is a bolus pressure in the distal esophagus try-
ing to show that there is greater pressure pushing

the bolus through the sphincter area or not. That
would be important to determine. I think it is im-
portant to realize that we can all miss achalasia. It
often will present as heartburn early on, so you
have to be careful.

I suspect that the cause for this problem is vagal
injury. More and more we are realizing that vagal in-
jury following this kind of operation can be a prob-
lem. You say vagal injury from what? Perhaps is-
chemia, operative trauma, or maybe stretch injury,
just like you get with the brachial plexus. So we may
be inducing it.

There was a period of time, at least in my resi-
dency, when we did a lot of ulcer surgery using vago-
tomy and pyloroplasty. We had what we called post-
vagotomy dysphagia—some of the old-timers will
remember that. It occurred in patients, and it looked
for all the world like achalasia. It didn’t respond to dila-
tations, and it was a problem. I think secondary acha-
lasia is probably the result of vagal injury.
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Intestinal Cells
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L

 

-Arginine, which is intimately involved in cellular immune functions and nitric oxide biology, is transported

 

by intestinal cells largely via transport System y

 

�

 

. The gut epithelium is exposed to various luminal amino ac-
ids at any given time, and therefore the purpose of this study was to study the regulation of luminal arginine
transport by other amino acids. System y

 

�

 

 

 

L

 

-arginine transport activity was measured in Caco-2 monolayers
exposed to various amino acids. 

 

L

 

-arginine and/or other System y

 

�

 

 substrates specifically upregulated System
y

 

�

 

 transport activity twofold after 1 hour, with a response noted as early as 5 minutes. Non–System y

 

�

 

 sub-
strates did not affect 

 

L

 

-arginine absorption. Kinetic analysis indicated that 

 

L

 

-arginine exposure increased both

 

System y

 

�

 

 K

 

m

 

 and V

 

max

 

. Neither cycloheximide nor actinomycin affected this stimulation, indicating that the
regulation did not involve transcription or translation. The System y

 

�

 

 substrate activation effect was revers-
ible. 

 

L

 

-arginine transport activity returned to baseline within 3 hours when cells were reincubated in amino
acid–free media. These data indicate that System y

 

�

 

 arginine transport activity is rapidly and reversibly acti-
vated by System y

 

�

 

 substrates via a mechanism consistent with transmembrane stimulation. These findings
identify a mechanism by which luminal nutrients regulate arginine uptake by the gut. (J G

 

ASTROINTEST

 

S

 

URG

 

 2002;6:379–386.) © 2002 The Society for Surgery of the Alimentary Tract, Inc.
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In humans, 

 

L

 

-arginine is a conditionally essential
amino acid during periods of rapid growth and de-
velopment and after acute trauma.

 

1–3

 

 Arginine ab-
sorbed from the intestinal lumen is the starting point
for a variety of nitrogen intermediary metabolism re-
actions within enterocytes

 

4

 

; the mucosa supplies the
portal vein with the appropriate metabolites or free
arginine. Recent clinical trials have demonstrated
that enteral arginine-supplemented nutrition improves
immune functions and reduces septic complication
and hospital costs.

 

5–15

 

 Intestinal epithelia encounter
varying luminal concentrations of various amino ac-
ids at any given time. In contrast to cells of internal
organs that downregulate amino acid transport capa-
bility in response to specific substrates,

 

16,17

 

 studies in
the whole animal suggest that in response to aug-
mented or reduced loads of specific amino acids, the
small intestine selectively increases or decreases the
specific substrate uptake ability.

 

18–24

 

 However, stud-
ies are lacking regarding substrate-regulated intesti-
nal amino acid transport activity at the cellular level
in well-defined conditions of in vitro cell cultures.

The human intestinal epithelial cell line used in
this study, Caco-2, is widely accepted as an in vitro
model for transport studies of the small intestinal ep-
ithelium. The uptake of glucose, cationic and neutral
amino acids, and other solutes in this cell line is com-
parable to uptake phenomena occurring in the intact
small intestine.

 

25–28

 

 We have previously charac-
terized 

 

L

 

-arginine transport systems in apical mem-
branes during Caco-2 differentiation, and we have
shown that arginine is transported predominantly
by sodium-independent mechanisms.

 

29

 

 The major
pathways are denoted System y

 

�

 

 (70%) and System

 

y

 

�

 

L or b

 

0,

 

�

 

 (30%). In this study we explored the

 

effects of individual amino acids on the System

 

y

 

�

 

 activities in differentiated and undifferentiated

 

Caco-2 cells. System y

 

�

 

 is functionally defined as
the sodium-independent, leucine-insensitive compo-
nent of 

 

L

 

-arginine uptake. Results of the present
study enhance our understanding of intestinal argin-
ine absorption regulations and provide the scientific
foundation for managing enteral nutritional support
of critical patients.

 

Presented at the Forty-Second Annual Meeting of The Society for Surgery of the Alimentary Tract, Atlanta, Georgia., May 20–23, 2001 (poster
presentation).
From the Department of Surgery (M.P., W.W.S., A.M.K., C.-M.L.), Penn State College of Medicine, Milton S. Hershey Medical Center,
Hershey, Pennsylvania; and the Department of Physiology (B.R.S.), College of Medicine, University of Florida, Gainesville, Florida.
Reprint requests: Ming Pan, M.D., Ph.D., Department of Surgery, H149, Penn State College of Medicine, MC 850, Hershey, PA 17033.



 

Journal of 

 

380

 

Pan et al. Gastrointestinal Surgery

 

MATERIAL AND METHODS
Caco-2 Cell Cultures

 

The established human intestinal epithelial Caco-2
cell line was obtained from American Type Cul-
ture Collection (Rockville, Md.) at passage 16. Cells
were grown in a humidified incubator at 37

 

�

 

 C in
10% CO

 

2

 

/90% O

 

2

 

. Cells were routinely grown in
Dulbecco’s modified Eagle medium (DMEM) con-
taining 25 mmol/L glucose, 4 mmol/L glutamine,
10% fetal bovine serum, 0.4 mol/L sodium bicar-
bonate, 100 IU/ml penicillin, 100 

 

�

 

g/ml streptomy-
cin, and 1% nonessential amino acids. Caco-2 cells
were passaged weekly after treatment with 0.05%
trypsin and 0.02% EDTA. Cells were reseeded at a
density of 4.5 

 

�

 

 10

 

6

 

 cells per 100 mm dish for future
subculturing, or seeded in the six-well cluster Falcon
tissue culture dishes at a density of 4 

 

�

 

 10

 

5

 

 cells per
35 mm well for transport experiments. Cells (passage
19 to 40) were used for experiments. The day of
seeding was designated as day 0. The growth me-
dium was changed daily, and cultures were inspected
daily using a phase-contrast microscope.

 

Cell Treatments

 

All Caco-2 cells were incubated in arginine-free
medium for 3 hours, and then incubated in the same
medium containing various concentrations of ala-
nine, arginine, or other amino acids 

 

�

 

 cyclohexim-
ide (10 

 

�

 

mol/L) for various periods of time (30 sec-
onds up to 48 hours) in a 37

 

�

 

 C 10% CO/90% air-
humidified incubator. The incubation medium was
changed every 6 hours. The arginine-free medium
contained 1.8 mmol/L CaCl

 

2

 

, 0.2 

 

�

 

mol/L ferric ni-
trate, 0.4 mmol/L MgSO

 

4

 

, 4.7 mmol/L NaHCO

 

3

 

,
110 mmol/L NaCl, 1 mmol/L NaH

 

2

 

PO

 

4

 

, 25 mmol/
L glucose, 0.04 mmol/L phenol Red·Na, 0.03 mmol/
L choline chloride, 0.01 folic acid, 0.07 mmol/L my-
oinositol, 0.03 mmol/L niacinamide, 0.017 mmol/L
D-pantothenic acid, 0.02 mmol/L pyridoxal·HCl, 1

 

�

 

mol/L riboflavin, and 0.01 mmol/L thiamine·HCL.
Caco-2 cells remained healthy (viability 

 

�

 

99% by
dye exclusion) during at least 48 hours of exposure to
amino acid–free media.

 

Arginine Transport Measurements

 

Uptake of arginine was measured in cells 2 days
after seeding (undifferentiated) and 9 days after seed-
ing (differentiated) using cells started from the same
seeding parent cells as previously described. System
y

 

�

 

 transporter activity was measured at room tem-
perature (23

 

�

 

 

 

�

 

 1.0

 

�

 

 C) for various periods of time (0
to 30 minutes). System y

 

�

 

 is defined as sodium-inde-

 

pendent, 10 mmol/L leucine-insensitive uptake of

 

L

 

-[

 

3

 

H]arginine, as described in Caco-2 by us. After
pretreatment of cells with individual amino acids, the
medium was aspirated and cells were rinsed three
times with uptake buffer (23

 

�

 

 C) containing 137
mmol/L choline chloride, 10 mmol/L HEPES/
Tris buffer (pH 7.4), 4.7 mmol/L KCl, 1.2 mmol/L
MgSO

 

4

 

, 1.2 mmol/L KH

 

2

 

PO

 

4

 

, and 2.5 mmol/L
CaCl

 

2

 

. The uptake was initiated by adding 1 ml up-
take buffer containing 

 

L

 

-[

 

3

 

H]arginine (2 

 

�

 

Ci/ml, 0.5

 

�

 

mol/L to 10 mmol/L unlabeled arginine), and 10
mmol/L 

 

L

 

-leucine (10 mmol/L mannitol as control).
Culture dishes were continuously shaken by an or-
bital shaker (1 Hz) during the uptake period (0 to 30
minutes). Uptake was arrested by aspirating the up-
take buffer and immediately washing it three times
with ice-cold buffer lacking substrate. At the end of
each uptake period, the radioactivity of the isotope
trapped in the cells was extracted by lysing cells with
1 ml of 1N NaOH that was neutralized with acetic
acid. The radioactivity of the isotope was then as-
sayed by liquid scintillation spectrometry. Protein in
the NaOH extract was measured using the Bio-Rad
protein assay (Hercules, California). Arginine uptake
in both day 2 and day 9 cells was linear up to 10
minutes, and a 2-minute uptake period was selected
for all the experiments in this study with zero time
points serving as blanks. Uptake rates are expressed
as moles of arginine per minute per milligram of cell
protein. These uptake values represented steady-
state isotope values. Sodium-dependent absorption
of arginine and other amino acids (e.g., glutamine
and alanine) was intact in both control and arginine-
free medium groups. Uptake via the paracellular
pathway in confluent cells (postseeding day 9) was
minimal (

 

�

 

5%, n 

 

	

 

 6), as confirmed by [

 

3

 

C]-inulin
extracellular studies (n 

 

	

 

 6) and transepithelial argin-
ine transport (n 

 

	

 

 9; unpublished data).

 

Statistical Analysis

 

Each transport experiment was conducted in trip-
licate (including the zero-time blanks) in the same
patch of cells, and all experiments were confirmed
using at least two independent generations of cells
(same postseeding days). Experimental results are
reported as means 

 

�

 

 SEM. Comparisons of means
were made by analysis of variance with pairwise mul-
tiple comparisons by the Newman-Keuls method at

 

P

 

 

 

�

 

 0.05. Transport kinetic parameters were ob-
tained by fitting data to the Michaelis-Menten
equation by nonlinear regression analysis using
the Enzfitter computer program (Biosoft, Cam-
bridge, U.K.).
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RESULTS
System y

 

�

 

 Activity Decreased in Amino
Acid–Depleted Caco-2 Cells

 

The Caco-2 cells (day 2 and day 9) were incubated in
the arginine-free medium with and without 1 mmol/L

 

L

 

-arginine or 

 

D

 

-arginine for various length of time (30
seconds to 48 hours) in a 37

 

�

 

 C/10% CO

 

2

 

 incubator.
Mannitol (1 mmol/L) was used as a control medium.
The medium was changed every 6 hours to ensure that
the amino acid concentration was constant and the possi-
ble autocrine accumulation was eliminated. The System
y

 

�

 

 transport activities were measured immediately
after each incubation period. The System y

 

�

 

 arginine
(5 

 

�

 

mol/L) uptake activity decreased as the incubation
time in arginine-free medium increased and reached the
lowest level at approximately 3 hours’ incubation where
it remained for 48 hours (Fig. 1). Three hours’ depletion
incubation was chosen for the subsequent experiments.
The day 2 and day 9 cells showed the same pattern of de-
clining System y

 

�

 

 activity in amino acid–free medium,
with day 9 cells having lower baseline activity (see Fig. 1).

 

Decreased System y

 

�

 

 Arginine Uptake 
Prevented by 

 

L

 

- and 

 

D

 

-Arginine Was Time and 
Dose Dependent

 

The declining System y

 

�

 

 activity was prevented
by adding 

 

L

 

-arginine or 

 

D

 

-arginine in the arginine-

 

free medium. Adding 

 

L

 

-arginine and 

 

D

 

-arginine (at
lesser degrees) into arginine-free medium in cells
without previous amino aid depletion elevated the
arginine transport activity staring at 30 minutes’ in-
cubation and continued to increase transport activ-
ity, which lasted for at least 48 hours (Fig. 2). To as-
sess the how quickly System y

 

�

 

 activity responds to
substrate stimulation, Caco-2 cells were preincu-
bated in arginine-free medium for 3 hours, and
1 mmol/L arginine was then added to the medium.
The System y

 

�

 

 arginine uptake increase was noticed
as early as 5 minutes of arginine exposure.

To determine whether this arginine-induced System
y

 

�

 

 uptake was dependent on the amount of arginine
presented, Caco-2 cells were incubated in arginine-
free medium with L-arginine of various concentra-
tions (0, 0.1 mmol/L, 1 mmol/L, and 10 mmol/L). The
System y� activity induced by 1 mmol/L L-arginine
was significantly higher than that induced by 0.1
mmol/L L-arginine, but was not significantly higher
than that induced by 10 mmol/L L-arginine (Fig. 3).
An L-arginine concentration of 1 mmol/L was cho-
sen for subsequent experiments.

Pattern of System y� Activity Stimulated by 
Short-Term Exposure to Amino Acids

Initially we showed that arginine itself stimulated
its own System y� activity. Next we examined the ef-

Fig. 1. System y� [3H]-L-arginine transport activity in argi-
nine-free medium. Uptake of leucine–insensitive [3H]-L-argi-
nine (5 �mol/L) was measured on day 2 in cells incubated in
arginine-free medium for various periods of time (5 minutes
to 48 hours). The arginine uptake was significantly lower
starting at 1 hour of incubation, reached its lowest level at 3
hours of incubation, and lasted for at least 48 hours. A similar
pattern was observed in day 9 cells; transport activity de-
creased to baseline 15 pmol/mg protein/minute from 25
pmol/mg protein/minute (data not shown). Transport values
are means � SEM (n 	 9). *P � 0.01 vs. control.

Fig. 2. Effect of L-arginine and D-arginine on System y�

[3H]-L-arginine transport activity in arginine-free medium.
Uptake of [3H]-L-arginine (5 �mol/L) was measured in day 2
cells incubated in arginine-free medium, arginine-free
medium plus L-arginine (1 mmol/L), and arginine-free me-
dium plus D-arginine (1 mmol/L) for up to 48 hours. Uptake
in cells exposed to both L- and D-arginine was significantly
greater than uptake in cells in arginine-free medium only.
Transport values are means � SEM (n 	 9). *P � 0.05 vs.
control; **P � 0.01 vs. control.
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fect of individual amino acids on the System y� argi-
nine transport activity. The Caco-2 cells were in-
cubated in the arginine-free medium containing
1 mmol/L individual amino acids (1 mmol/L manni-
tol as control), with the exception of cysteine, which

contained 1 mmol/L dithiothreitol as an antireduc-
ing agent (1 mmol/L dithiothreitol as control), for
3 hours. The System y� substrates lysine, arginine, and
ornithine each exhibited robust stimulation of Sys-
tem y� activity (twofold increase). On the other
hand, non– System y� substrates proline, 2-amino-
2-norbornane-carboxylic acid, and alanine did not
significantly affect the System y� activity. A pattern
emerged such that the degree of arginine transport
stimulation correlated with the inhibition pattern.
Those amino acids that are weak inhibitors of Sys-
tem y� weakly stimulated System y� activity (Fig. 4).
These data suggested that the System y� activity was
specifically stimulated by its own substrates.

System y� Activity Increased by Acute Arginine 
Exposure Did Not Involve De Novo Protein 
Synthesis or Transcription

To determine whether protein synthesis or tran-
scription was involved in System y� substrate stimu-
lation, the Caco-2 cells (day 2 and day 9) were in-
cubated in the arginine-free medium containing 1
mmol/L arginine (mannitol as control) � 50 �mol/L
cycloheximide or 0.5 �g/ml actinomycin D for
3 hours. Neither cycloheximide nor actinomycin D
affected arginine-induced System y� activity (Fig. 5).

Fig. 3. Arginine stimulation of System y� activity was dose
dependent. Uptake of [3H]-L-arginine (5 �mol/L) was mea-
sured in cells incubated in arginine-free medium supple-
mented with various concentrations of L-arginine (0, 0.1, 1 or
10 mmol/L). Transport values are means � SEM (n 	 9). *P �
0.05 vs. control; **P � 0.001 vs. control.

Fig. 4. Stimulation pattern of System y� L-arginine uptake by amino acids in arginine-free medium. Up-
take of [3H]-L-arginine (5 �mol/L) was measured in day 2 cells incubated in arginine-free medium sup-
plemented with various amino acid analogues (1 mmol/L). Similar results were seen in day 9 cells (data
not shown). Transport values are means � SEM (n 	 9).
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Specific protein kinase C inhibitor chelerythrine
chloride did not affect either the baseline or induced
System y� arginine transport.

System y� Activity Increased by Acute Arginine 
Exposure Was Reversible

Caco-2 cells (2 days old and 9 days old) were incu-
bated in the arginine-free medium � 1 mmol/L argi-
nine for 3 hours. The cells were then washed three
times with the arginine-free medium and reincu-
bated in the arginine-free medium without arginine
for another 3 hours. The increased System y� activ-
ity after 3 hours of arginine incubation diminished,
and transport activity returned to prestimulation lev-
els after the cells had been in arginine-free medium
for 3 hours (Fig. 6).

System y� Activity Increased by Arginine 
Exposure Was a Kinetic Modification Effect

The System y� [3H]-arginine (0.1 �mol/L to 5
mmol/L) uptake kinetics were measured in Caco-2
cells that had been in the arginine-free medium with
or without 1 mmol/L arginine (1 mmol/L mannitol
as control) for 3 hours. L-Arginine exposure in-
creased both System y� transport affinity Km (30 � 4
�mole/L vs. 81 � 6 �mole/L control, n 	 9, P �
0.01), and maximal capacity Vmax (2.75 � 0.2 nmole/mg
protein/min vs. 0.25 � 0.02 nmole/mg protein/min
control, n 	 9, P � 0.001) (Fig. 7). Passive diffusion
was not affected by the arginine induction (perme-

ability coefficient P 	 1.2 � 0.1 �l/mg protein/min
vs. 1.1 � 0.1 control, n 	 9, P � 0.05).

System y� Activity Increased by Arginine 
Chronic Exposure Was Not a Protein Synthesis–
Dependent Process

Similar to results of the short-term arginine expo-
sure study, the System y� activity increased seven-
fold with cells incubated in arginine-free medium

Fig. 5. The effect of actinomycin-D and cycloheximide on
the arginine-induced System y� activity. Uptake of [3H]-L-argi-
nine (5 �mol/L) was measured in day 2 cells incubated in ar-
ginine-free medium containing L-arginine (0 or 1 mmol/L) �
actinomycin-D (Act-D, 0.5 �mol/L) or cycloheximide (CHX,
10 �mol/L) for 3 hours or 24 hours. Transport values are
means � SEM (n 	 9). *P � 0.01 vs. control; **P � 0.001 vs.
control.

Fig. 6. The arginine-induced System y� activity stimulation
was reversible. Uptake of [3H]-L-arginine (5 �mol/L) was
measured in day 2 cells reincubated in arginine-free medium
for 3 hours after having been continuously incubated in argi-
nine (1 mmol/L) for 3 hours previously. Transport values are
means � SEM (n 	 9). *P � 0.01 vs. control.

Fig. 7. Eadie-Hofstee plot of System y� arginine uptake ki-
netics. System y� arginine (0.1 �mol/L to 10 mmol/L) uptake
was measured in day 2 cells incubated in arginine-free me-
dium � arginine (1 mmol/L) for 3 hours. Kinetic analysis in-
dicated that L-arginine increased System y� Km from 30 � 4
�mole in the control group and 81 � 6 �mole in the arginine
group (n 	 9, P � 0.01) and Vmax from 2.75 � 0.2 nmole/mg
protein/min in the control group to 0.25 � 0.02 nmole/mg
protein/min in the arginine group (n 	 9, P � 0.01).
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plus arginine for 24 hours. This arginine-induced
System y� activity returned to control levels after the
cells had been reincubated in amino acid arginine–
free medium for 3 hours.

Neither cycloheximide (10 �mol/L) nor the spe-
cific protein kinase C inhibitor chelerythrine chlo-
ride (6.6 �mol/L) in the arginine-free medium had
any effect on the sevenfold increase in System y� ac-
tivity after 24 hours of arginine exposure (Fig. 8).

DISCUSSION

L-Arginine is a semiessential amino acid in a nor-
mal environment, and it is an essential amino acid in
weaning cats and dogs, and in trauma, where de-
mand is high.30–33 Exogenous arginine is needed in
the preceding conditions. It must come from either
dietary sources or by intravenous means. In its rela-
tion to immunity, it is interesting that one of the
genes encoding System y�, CAT-1, has been deter-
mined to be the same gene that encodes for a recep-
tor of murine leukemia virus in mouse cells,34,35 and
System y� substrates may participate in blocking en-
try of murine retroviruses. Other animal studies have
demonstrated that oral arginine supplementation
improves T-cell function and inhibits sarcoma
growth and improves animal survival.36,37 In septic
animal studies, dietary arginine has been shown to
improve immune function, decrease bacterial trans-
location, and reduce mortality under different insults
in numerous animal studies. Dietary arginine supple-
mentation enhances natural killers and lymphokine-
activated killer cell cytotoxicity.36 Improved survival

and lower bacterial translocation events were dem-
onstrated in mice that were fed arginine to reduce
sustained intra-abdominal sepsis.38–42 Similarly, sur-
vival of burned pigs also increased with arginine sup-
plementation.43 Recent clinical trials on trauma,
ICU, and cancer patients have demonstrated that en-
teral feeding supplemented with arginine improves
gut function and reduces septic complication and
hospital costs.5–15 But the mechanism by which di-
etary arginine modulates nutrient absorption is still
unknown.

In previous studies with Caco-2 intestinal epithe-
lial cells, we have characterized System y� arginine
transport and investigated the regulation of System
y� arginine transport activity by cell differentiation
states and epidermal growth factors.9,44 In the
present study we explored how availability of System
y� substrates and other amino acids can regulate Sys-
tem y� arginine transport activity in a well-defined
Caco-2 cell culture.

Intestinal epithelia are exposed to, and adapt to,
varying amino acid concentrations in the luminal
dietary composition. Animal studies have demon-
strated that the small intestine can selectively in-
crease the ability to transport a given nutrient, in
response to augmented loads of specific dietary nu-
trients, such as amino acids, carbohydrates, and vita-
mins.18–24 This adaptive upregulation within the
small intestine is in stark contrast to cells of internal
organs, whereby downregulation of amino acid
transport capability occurs in response to specific
substrates16,17 The advantage of this adaptation
within the intestine is the maintenance of an ade-
quate absorption capacity that permits the organisms
to efficiently keep up with dietary intake. One such
mechanism involved in the upregulation of transport
activity is termed “transmembrane stimulation.”
This concerns the kinetic activation of enterocyte
transporters already expressed in the membrane.
The membrane transporters provide the flexibility
for maximum nutrient extraction at any given time.45

In the present study we explored the substrate
regulation of System y� arginine transport across
apical membrane in an intestinal epithelial cell
model. As shown in Fig. 1, absence of extracellular
amino acids downregulated the System y� arginine
transport activity to a baseline level. The decrease in
transport occurs in a relatively rapid pattern, a pro-
cess that can be explained by the decrease in the in-
tracellular arginine concentration secondary to the
metabolism of arginine in the enterocyte. The de-
creased activity reached its lowest level at approxi-
mately 3 hours in an amino acid–free medium and
lasted for at least 48 hours. The data suggest that ar-
ginine is quickly metabolized in the absence of extra-
cellular arginine. In vivo intestinal studies with intact

Fig. 8. Chronic arginine-induced System y� activity stimula-
tion induction was reversible. Caco-2 cells were incubated in
arginine-free medium and arginine-free medium plus argi-
nine (1 mmol/L) for 24 hours. Arginine (5 �mol/L) uptake
was measured after these day 2 cells had been reincubated in
arginine-free medium for 24 hours. Transport values are
means � SEM (n 	 9). *P � 0.01 vs. control.
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intestines have shown that the minimal transport ca-
pacity is determined by genetic hard wiring or by the
needs of the cell.17,18,45

The exogenous arginine-induced System y� argi-
nine transport occurred as early as 5 minutes in
amino acid–depleted cells. Such short-time action
precludes the possibility of transcriptional or transla-
tional regulation involvement, a process that re-
quires at least 30 minutes to several hours. Insensi-
tivity of this acute phase of System y� stimulation to
cycloheximide further rules out the mechanism of
new transport protein synthesis.

The System y� activity was induced by exogenous
amino acids in such a pattern that the System y� sub-
strates were the strongest System y� stimulators, the
weaker System y� substrates were also weaker stimu-
lators, and non–System y� substrates did not stimu-
late the System y� activity at all. This pattern
strongly indicates that the specific System y� sub-
strates selectively stimulated the System y� arginine
uptake (see Fig. 6).

There are two activation mechanisms that could
account for the acute-phase stimulation observed in
our study: (1) substrate trans-stimulation and (2)
translocation/mobilization of existing but latent
transporters. Our kinetic analyses revealed that both
the System y� maximal capacity Vmax and transport
affinity Km were modulated by exposure to arginine.
Translocation kinetics would show only increased
transport maximal capacity Vmax with little or no
change in Km. Taken together with the lack of inhi-
bition by protein kinase C agents (see Results), the
data suggest that the increase in System y� activity is
largely due to trans-stimulation rather than translo-
cation/mobilization of transporter proteins. Western
blot analysis using the specific System y� transporter
MCAT–1 antibody (not commercially available)
would further clarify the location of System y� trans-
porter protein in individual cellular subcompart-
ments. That passive diffusion coefficient of arginine
transport was not affected by arginine induction sug-
gests that this arginine-induced arginine absorption
activation is not due to a passive gradient effect.

Similar to in vivo animal studies, prolonged expo-
sure of Caco-2 cells to arginine did not stimulate
synthesis of new transporters, as indicated by insen-
sitivity to cycloheximide. Similar to the acute-phase
stimulation, the increase in System y� activity by pro-
longed arginine incubation diminished to baseline
control values shortly after incubation was discontin-
ued. This reversibility suggested that prolonged and
acute incubation shared the same trans-stimulation
mechanism.

Taken with data from in vivo intestinal absorption
studies, our results suggest that adaptation to dietary
essential amino acids is biphasic. Amino acid expo-

sure in first-generation enterocytes of our Caco-2
model simulates the exposure of dietary nutrients to
the single population of epithelial cells that arise
from crypt stem cells in the intact epithelium. In
these cells, uptake is apparently upregulated by
trans-stimulation of existing transporters with the
resulting enhanced nutrient extraction of a meal. In
the intact organism, initial dietary exposure to a
given class of substrate would invoke this acute
trans-stimulation mechanism, thereby allowing the
organisms to rapidly accommodate its new exposure
to a substrate-rich diet. In the second phase of the
response, the potential for toxicity overaccumulation
of certain essential amino acids, such as lysine and
arginine, is addressed by the intestine in subsequent
generations of enterocytes.14,45 These differentiated
cells arise from the crypt and accumulate on the ab-
sorptive villus surface during prolonged (days or
weeks) exposure to the substrates.18,19,24 Thus the
intact epithelium in vivo can prevent the ensuing
generations of enterocytes—that is, those that arise
from the crypt—from overexpressing the appropri-
ate transporter proteins. In addition to the present
study, which points to acute-phase trans-stimulation
in enterocytes, ongoing studies in our laboratory are
addressing the prolonged aspect of the biphasic na-
ture of nutrient adaptation.
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It is well recognized that ileostomy patients suffer from chronic depletion of Na

 

�

 

 through the stoma ef-
fluent. In this study we evaluated the effects of ileostomy on messenger RNA levels that encode different
Na

 

�

 

/H

 

�

 

 exchanger isoforms (NHE-2 and NHE-3). Loop ileostomies were created in Sprague-Dawley
rats. Segments of diverted ileum were harvested for quantitation of mRNA levels encoding these isoforms
and the Na
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/K

 

�

 

 ATPase in mucosal scrapings and for immunofluorescence microscopy, specifically of
the NHE-3 protein. Our studies indicate that as early as 8 days after diversion, NHE-3 gene expression is
selectively attenuated in poststomal ileal mucosa. Mucosal morphology remains undisturbed, and the dis-
tribution of protein expression along the crypt/villus axis is not altered. Infusion of Na

 

�

 

 or the enterocyte
nutrient, glutamine, into the lumen of the diverted segment restores or even augments mRNA levels for
NHE-3, again without altering the histologic appearance or distribution of the protein along the crypt/
villus axis. These effects are specific because nonpolar osmolytes (mannitol) and related organic nutrients
not specific for the enterocyte (i.e., butyrate) have no effect on mRNA levels of NHE-3. Further work is
required to understand how the early changes in mRNA contribute to mucosal function and response to
luminal diversion. (J G
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It is well recognized that ileostomy patients suffer

 

from chronic, systemic depletion of Na

 

�

 

. In normal in-
dividuals, total daily losses in stool are rarely more than
5 to 10 mEq Na

 

�

 

.

 

1–3

 

 Among patients who seem to have
adapted to the presence of an ileostomy, the average pa-
tient loses between 600 and 640 ml of fluid and approx-
imately 70 to 80 mmol of Na

 

�

 

 through the ileostomy
effluent.

 

2,3

 

 In such patients, systemic Na

 

�

 

 depletion is
associated with a 30% decrease in urinary excretion of
Na

 

�

 

 and a 30% increase in urinary excretion of K

 

�

 

.

 

4–6

 

We hypothesize that early and late rehabilitation of the
ileostomy patient will depend on enhancement of up-
stream mechanisms of Na

 

�

 

 absorption.
Progress in identifying the mechanisms of intesti-

nal adaptation after ileal diversion has been hindered,
in part, because of the absence of well-characterized
models of ileostomy in the experimental setting. In
preliminary studies, our laboratory has developed an
in vivo model of loop ileostomy, without colon resec-
tion, in the rat.

 

7,8

 

 In this study we evaluated the effects

of ileostomy on messenger RNA levels that encode
different Na

 

�

 

 transporters, notably the Na

 

�

 

/H

 

�

 

 ex-
changer isoforms NHE-2 and NHE-3, which appear
to play a role in normal intestinal and colonic absorp-
tion of Na

 

�

 

 from the lumen.

 

8–11

 

 These studies in-
cluded protocols to evaluate whether absorption of lu-
minal Na

 

�

 

 is a factor that regulates expression of
NHE-2 and NHE-3 in mucosa of diverted ileal seg-
ments. Our studies indicate that, at the transcriptional
level, expression of the NHE-3 isoform is sensitive to
ileal diversion and specifically to the presence of Na

 

�

 

and organic nutrients in the lumen.

 

MATERIAL AND METHODS
Animal Model

 

The study protocol was approved by the Harvard
Medical Area Standing Committee on Animals at
Harvard Medical School, Boston, Massachusetts,
and the Animal Studies Committee of the Boston
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VA Healthcare System. Operative procedures were
performed in adult, 4- to 6-month-old, male, Spra-
gue-Dawley rats. Animals randomly underwent a
sham laparotomy or creation of a loop ileostomy
modified from the procedure described previously.

 

7,8

 

All animals underwent similar preoperative and post-
operative care. This entailed food deprivation 24
hours before and 24 hours after surgery. Before sur-
gery, all animals had access to water. After surgery,
animals had ad libitum access to water and 0.25 nor-
mal saline solution. Animals were anesthetized by
means of a combination of ketamine (40 mg/kg) and
xylazine (5 mg/kg) administered intramuscularly. Af-
ter induction of anesthesia, a 22-gauge, 1-inch intra-
venous catheter was placed in the tail vein, and a sy-
ringe was attached to provide intravenous fluid
during the operative and postoperative recovery pe-
riods. All animals received a total of 3.0 ml in 0.25 ml
boluses of normal saline solution before the intrave-
nous cannula was removed. Body temperature was
monitored with a rectal thermistor. During all oper-
ations, the body temperature was maintained above
35

 

�

 

 C by use of a warming blanket. Postoperative
pain control was achieved by subcutaneous injection
of Buprenex (buprenorphine HCl, 0.1 mg/kg) ad-
ministered 4 hours after the animals were fully re-
covered from the anesthetic and then again 12 hours
after that injection. Postoperatively, animal weights
were recorded daily. Ileostomy animals were given
daily baths on each postoperative day to prevent skin
injury from the caustic ileostomy effluent.

All operations were performed under sterile con-
ditions. After the induction of anesthesia, the abdo-
men was shaved and cleaned with 95% ethanol. In
both sham and ileostomy animals, the abdomen was
entered through a 4 cm midline incision. In the sham
laparotomy animals (N 

 

�

 

 11), once the abdomen
was entered, the distal small intestine and cecum
were identified. The distal small intestine and cecum
were then brought out of the midline incision and
draped with a warm saline-soaked gauze. Ten min-
utes after exteriorization, the distal small intestine
and cecum were returned to the abdominal cavity.
The midline incision was then closed with a running
4-0 vicryl suture. The skin edges were approximated
and closed with animal skin staples. In ileostomy ani-
mals ( N 

 

�

 

 9), after the abdomen was entered, a 4 to
6 mm circular stoma was created in the abdominal
musculature and skin approximately 1.0 cm to the
right of the midline incision. A loop of distal ileum
5.0 cm proximal to the ileocecal valve was delivered
through the stoma. The loop of ileum was opened
along the antimesenteric border for a distance of 1.0
cm. The free edges of this loop were attached to the
abdominal musculature and skin with interrupted

4-0 silk sutures. Before the abdomen was closed,
both afferent and efferent limbs of the loop ileo-
stomy were examined for patency by infusion of
warm saline solution through a 22-gauge intrave-
nous catheter. The abdominal cavity was closed as
previously described.

 

Tissue Preparation for mRNA

 

On postoperative day 8 or 21, animals were killed
by a pentobarbitol overdose (100 mg/kg). Segments of
bowel, 5 cm in length, were harvested and the mucosa
was separated rapidly from the underlying muscularis
by sharp dissection. Corresponding segments of intes-
tine were harvested from the sham rats. The mucosal
tissue was frozen and stored in liquid nitrogen until
processed for mRNA. Messenger RNA from the sam-
ples was isolated by RNAzol B (Tel-Test Inc., Friends-
wood, Texas) modified as described previously.

 

7,8

 

Northern Blot Analysis

 

As described previously,

 

7,8

 

 total RNA (10:g per
lane) was run on a 1% agarose gel containing 0.63%
formaldehyde staining of 18 S and 28 S ribosomal
RNA. The RNA was then transferred to nylon mem-
branes and underwent ultraviolet cross-linking, wash-
ing, and hybridization as described,

 

8

 

 with 10

 

6

 

 counts 

 

�

 

min

 

�

 

1

 

 

 

�

 

 ml

 

�

 

1

 

 

 

32

 

P-labeled cDNA probe for NHE-2
(2.1 kb pairs), NHE-3 (2.2 kb pairs), and the alpha
subunit of the ouabain-sensitive Na/K ATPase (3.6
kb pairs) provided by Eric Delpire, Ph.D. (Vander-
bilt University).

The membranes were washed twice at low strin-
gency (room temperature, 300 mmol/L NaCl) and
once at higher stringency (65

 

�

 

 C, 30 mmol/L NaCl).
The membranes were then exposed to x-ray film
(Reflexion NEF; DuPont, Boston, Massachusetts) at

 

�

 

80

 

�

 

 C for 1 to 3 days. Quantification of relative
mRNA abundance was performed via scanning densit-
ometry (Microtek Image Scanner, Microtek Interna-
tional, Inc., Hsinchu, Taiwan; Image 1.49 software
from the National Institutes of Health, Bethesda,
Maryland). Membranes were allowed several weeks
between probing so as to not require stripping. All
membranes were probed with 

 

32

 

P-labeled cDNA encod-
ing the housekeeping enzyme, glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), to provide additional
confirmation of the equivalence of gel loading.

 

7,8

 

Histologic Evaluation and
Immunofluorescence Studies

 

In ileostomy and control animals, tissue samples
were obtained from the poststomal segment of ileum.
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Tissues were washed and flushed intraluminally with

 

1

 

�

 

 phosphate-buffered saline (PBS) solution before fix-
ation in 4% paraformaldehyde solution for 1 hour, then
rinsed and stored in PBS–10 mmol/L sodium phos-
phate buffer containing 0.9% NaCl, pH 7.4) at 4

 

�

 

 C un-
til embedding in paraffin and sectioning. For standard
histologic examination of tissues, serial thick sections
were cut and stained with hematoxylin-eosin. Photomi-
crographs were obtained at 

 

�

 

250 magnification.
For immunofluorescence labeling, tissues were

cryoprotected in 30% sucrose before sectioning with
a Reichert Frigocut (Reichert-Jung, Leica, Benheim,
Germany) microtome using disposable knives. Thin
tissue sections (5 

 

�

 

m) were cut and picked up on
Fisher Superfrost (Fischer Scientific, Hanover Park,
Illinois) plus slides, then stored at 

 

�

 

20

 

�

 

 C for at least
24 hours before use for incubations. Slides were re-
hydrated in 1 

 

�

 

 PBS for 5 minutes before blocking
in 1% bovine serum albumin solution for 1 hour. In-
cubation with primary antibody took place for 1
hour at room temperature. After two washings (5
minutes) with high-salt PBS (PBS containing 2.7%
NaCl), sections were exposed to primary goat–anti-
rabbit antibody coupled to CY3 for the polyclonal
primary antibody and then to secondary goat–anti-
mouse antibody coupled to fluorescein isothiocyan-
ate (FITC) for 1 hour at room temperature. After
additional washings as above, sections were mounted
in Vectashield (Vector Labs, Burlingame, Calif.) an-
tifading solution diluted in 1:1 0.1 mol/L Tris:HCl,
pH 8.0, a pH at which FITC fluorescence is not
quenched. For these studies the following antibodies
were obtained: NHE-3 monoclonal antibody was
raised against the maltose-binding protein fusion
protein containing c-terminal 131 aa of rabbit NHE-
3 (Chemicon International, Temecula, California).
Secondary antibody applied was an FITC-labeled
goat–antimouse (GAM) IgG antibody (Kirkegaards
and Perry, Gaithersberg, Maryland).

Sections were photographed in black and white on
Kodak Tmax 400 film push-processed to 1600 ASA
and in color on Kodak Ektachrome 400 Elite (Kodak,
Rochester, New York) film at 1600 ASA. Images were
captured directly from the Nikon FXA (Nikon USA,
Melville, New York) photomicroscope using an Op-
tronics three-bit CCD color camera, and IP Lab Spec-
trum (Signal Analytics Corp., Fairfax, Virginia) acqui-
sition and analysis software running on a Power PC
8500 (Apple Computer, Inc., Cupertino, California).

 

Experimental Protocols

 

Protocol 1. 

 

Adult Sprague-Dawley rats underwent
sham laparotomy (N 

 

�

 

 11) or loop ileostomy (N 

 

�

 

9), with 5 cm of terminal ileum diverted. Rats were

 

killed 8 days after surgery. Another similar group of
rats (N 

 

�

 

 6 each) was killed 21 days after surgery and
mucosa from the diverted 5 cm segment of ileum was
harvested for analysis. Total RNA was isolated from
mucosal scrapings of several regions of the small in-
testine in ileostomy animals and in animals that had
undergone sham operation. These included the fol-
lowing: a 5 cm segment of jejunun taken just distal to
the duodenum; a 5 cm segment of mid–small bowel
taken midway between the duodenum and the ileo-
cecal valve; the 5 cm segment of ileum just proximal
to the stoma; and the 5 cm segment just distal to the
stoma. Northern blot analysis was used to measure
mRNA levels for Na

 

�

 

/K

 

�

 

 ATPase (a housekeeping
transporter that maintains intracellular Na

 

�

 

 levels)
and the NHE isoforms NHE-2 and NHE-3.

 

Protocol 2. 

 

To determine whether luminal Na

 

�

 

might influence NHE expression, three groups of
ileostomy rats (N 

 

�

 

 5 each) were prepared as fol-
lows: a control group that received no luminal infu-
sion; two other groups that received twice-daily infu-
sions of 3 ml solutions containing either normal
saline (308 mOsm) or mannitol (308 mOsm) into the
lumen of the diverted ileum. Infusions were per-
formed into the distal limb of the ileostomy, in pro-
grade fashion, over a period of 3 to 5 minutes. Rats
were killed 8 days after ileostomy and tissues were
harvested for analysis.

 

Protocol 3. 

 

In the last group of studies, groups of
rats (N 

 

�

 

 5 each) received twice-daily infusions of
solutions containing glutamine (25 mol/L in sterile
normal saline) or butyrate (25 mol/L in sterile nor-
mal saline). Rats were killed 8 days after ileostomy
and tissues were harvested for analysis.

 

Statistical Analysis

 

Data were recorded and analyzed with a standard
software statistical package (Excel, Microsoft Corp.,
Redmond, Wash.). Where appropriate, compari-
sons of measurements between experimental groups
underwent analysis of variance (ANOVA) for multi-
ple measurements.

 

RESULTS
Animal Responses to Ileostomy

 

Animal weights were monitored daily throughout
the study. Before the procedures, there were no signifi-
cant differences among the groups. As reported previ-
ously,

 

8 

 

sham animals initially lost weight but regained
weight by the end of the first postoperative week (data
not shown). All animals undergoing ileostomy, how-
ever, lost weight to varying degress. Ileostomy animals
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had severe postoperative diarrhea from postoperative
day 2 to approximately day 8. In general, ileostomy ani-
mals lost 30% of their body weight (

 

P

 

 

 

�

 

 0.001) com-
pared to preoperative weight (by paired 

 

t

 

 test) but main-
tained normal, healthy behavior until they were killed.

 

Gross Mucosal Appearance

 

At the time of death, the stomach and intestines of
each animal were inspected. In sham animals, the
stomach typically appeared to be full of solid food.
Variable amounts of succus were visible in the small
intestine. The cecum and colon were invariably full
of semisolid fecal matter. In the ileostomy group, the
small intestine proximal to the stoma was mildly di-
lated. The ileum distal to the stoma, the cecum, and
the colon were devoid of luminal contents, thus con-
firming total diversion of the fecal stream. In the
ileostomy group, just before harvest of mucosal
scrapings, inspection revealed dilatation of the lu-
men along all regions proximal to the stoma. At 8
days after surgery, it was difficult to discern atrophy
or hypertrophy of the mucosa in the diverted re-
gions, compared to sham animals. Distal to the ileo-
stomy, the lumen of the ileum was contracted, but
the mucosa itself was not noticeably atrophied, com-
pared to sham animals.

 

12

 

Histologic Findings

 

Histologic sections, stained with hematoxylin-
eosin, were obtained from the different regions of the
small intestine in three sham-operated and three ileo-
stomy animals. As noted previously,

 

12

 

 there was little
visible difference between ileum of sham-operated an-
imals compared to the animals that had undergone di-
version (data not shown). In the segments of ileum
proximal and distal to the stoma, there were no ob-
servable differences in villus/crypt height ratio. There
was slight flattening of the villus tips in diverted areas,
a slight increase in the number of intraepithelial lym-
phocytes, and increases in density of goblet cells, com-
pared to the corresponding terminal ileum in control
animals. The absence of clear changes in histologic
appearance was true for specimens taken from all
groups of control and diverted animals, at 8 days and
at 21 days after diversion. This was also true for all
groups of animals undergoing various infusions into
the diverted ileum.

 

Regional Variations in Levels of mRNA 
Encoding NHE-2, NHE-3, and Na/K ATPase

 

Figure 1 summarizes measurements of levels of mRNA
encoding different transporters, derived from control

rats in the four different regions of the rat small intes-
tine. These included “proximal jejunum” (identified by
its proximity to the duodenum), “midjejunum” (identi-
fied by its position in the midpoint between the duode-
num and cecum), the segment of terminal ileum 5 cm
proximal to the stoma (“prestoma”), and the segment of
terminal ileum that was diverted (“poststoma”). As
shown, levels of mRNA encoding the housekeeping
transporter, Na/K, and those of mRNA encoding the
NHE-2 isoform did not vary significantly along the
length of the small intestine. In contrast, mRNA levels
of the NHE-3 isoform were increased significantly in
downstream regions of the small intestine.

The figure also summarizes measurements of
GAPDH mRNA levels in these same regions of the in-
testine. This is one of several markers, including actin
and ubiquitin, which have been used for evaluating
equivalence of gel loading. In the course of these stud-
ies we found that, within any given region of the intes-
tine, mRNA levels of GAPDH did not vary signifi-
cantly under different experimental conditions. At the
same time, GAPDH mRNA levels decreased signifi-
cantly in downstream regions of the intestine. Thus it
would be reasonable to use GAPDH mRNA levels as a
reference for normalizing results. However, GAPDH
mRNA levels cannot be used with confidence if the in-
tention is to compare measurements obtained in differ-
ent regions of the intestine. In subsequent figures, all
measurements of mRNA levels in the diverted ileal seg-
ment are summarized after normalization to GAPDH.

 

Measurements of mRNA Levels Encoding NHE 
Isoforms in Diverted Segments

 

Figure 2 summarizes the effects of ileal diversion
on mucosal mRNA levels in the poststomal ileum at 8
days and 21 days after diversion. Despite the relatively
minimal changes in histologic appearance, decreases
in NHE-3 mRNA levels were observed as early as 8
days and most markedly at 21 days after luminal diver-
sion. Little if any change was noted in levels of mRNA
encoding for Na/K or the NHE-2 isoform.

 

Measurements of mRNA Levels Encoding NHE 
Isoforms During Infusion of Luminal Na

 

�

 

or Nutrients Into Diverted Segments

 

Figure 3 summarizes studies in which small volumes
(3 ml) were infused intermittently into the diverted,
poststomal ileum. The infused solutions included iso-
tonic saline (159 mmol/L) or isoosmotic (308 mmol/L)
quantities of a nonabsorbed nonionic osmolyte, manni-
tol. Control animals underwent instrumentation of the
ileostomy by the catheter, without actual infusion of
any solution. As shown, infusion of mannitol had little
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impact on postileostomy levels of mRNA encoding for
NHE-3. In contrast, infusion of NaCl had a marked
stimulatory effect on NHE-3 gene expression in the di-
verted segment, averaging 60% above levels seen in an-
imals that had undergone ileostomy without infusion.
Again, no significant changes were noted in levels of
mRNA encoding for Na/K; significant but quantita-
tively small decreases were noted in mRNA levels for
the NHE-2 isoform.

Figure 4 shows the effects of infusing two organic
nutrients into the diverted poststomal ileum: butyrate,
a small-chain fatty acid known to stimulate colonocyte
growth and differentiation

 

13,14

 

; and glutamine, a small
similarly sized amino acid well recognized as a nutrient
for enterocyte growth and differentiation.

 

15,16

 

 As shown,
butyrate had no effects beyond those of saline on
mRNA levels encoding Na/K, NHE-2, or NHE-3. In

contrast, infusion of glutamine markedly enhanced
NHE-3 mRNA levels, averaging 80% above the levels
observed with saline infusion alone. Again, little if any
change was noted in levels of mRNA encoding for
Na/K or the NHE-2 isoform.

 

Immunhistochemistry of NHE-3 Expression 
After Diversion

 

Immunohistochemical studies were performed us-
ing specific antibodies to NHE-3, 8 days after sham
operation (N 

 

�

 

 6) or ileostomy (N 

 

�

 

 5). As shown in
Fig. 5, there was no clear alteration in the distribu-
tion of NHE-3 expression along the length of the
villus. Although qualitative in nature, these figures
also suggest that at 8 days there was very little actual
loss of the NHE-3 protein or the cells expressing it.

Fig. 1. Messenger RNA content of mucosal scrapings from control animals (N � 11) in different regions
of the small intestine. Sites of harvest as indicated in the figure. *P � 0.05 compared to mRNA levels in
proximal jejunal tissues (ANOVA).
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Similarly, we found that infusion of saline solution
did little to alter the distribution of the fluorescence
signal (Fig. 6). In those animals receiving infusions of
saline plus glutamine (but not butyrate), the signal
was uniformly thicker and more intense in the entero-
cytes located in the upper third of the villus (N 

 

�

 

 5 in
all groups).

 

DISCUSSION

 

In this experimental study, we evaluated the effect
of luminal diversion on gene expression of transport-
ers potentially involved in salt and water absorption
in the distal ileum. Our goal was to determine
whether loss of luminal content alters expression, at
the level of mRNA or protein synthesis. In addition,
we were interested in determining whether specific

 

luminal factors (such as the Na� ion) or small or-
ganic nutrients (such as butyrate or glutamine) might
be important in maintaining baseline levels of ex-
pression. A key part of our experimental strategy was
to determine whether organic nutrients would elicit
their effects over and above the presence of Na�

ions, which are always present in luminal contents
and endogenous secretions.

Our results indicate that deprivation of luminal
contents decreases gene expression of the NHE-3 iso-
form of the Na�/H� exchanger in the mucosa of the
distal ileum. In contrast, mRNA levels for NHE-2 and
the Na�/K� ATPase were not significantly altered by
diversion. The absence of marked atrophic changes in
histologic appearance of diverted mucosa, at 8 and
even 21 days after diversion, was somewhat surprising.
However, this relative lack of change in mucosal mor-
phology increases confidence that any observed alter-
ations in expression would not simply be due to cell
loss. These findings suggest that diversion specifically
affects gene expression of the NHE-3 isoform, which
is thought to be most important in salt-mediated water
absorption in the ileum and colon.17–19

Our results also indicate that the presence of cer-
tain constituents of the luminal environment, such as
Na� and glutamine, can reverse decreases or even
augment gene expression of NHE-3 in the diverted
mucosa. In contrast, no sizeable effects were ob-
served with respect to expression of NHE-2 or the
Na�/K� ATPase. A nonmetabolizable osmolyte, man-
nitol, had no such preservative effect on NHE-3
mRNA content in the mucosa. Neither was such
preservation of NHE-3 mRNA levels observed with

Fig. 2. Messenger RNA content of mucosal scrapings from
poststomal ileum harvested from ileostomy animals (N � 9)
and from the corresponding segments of ileum in control ani-
mals (N � 11). mRNA levels from tissues harvested 8 days af-
ter diversion (upper panel). mRNA levels harvested 21 days
after diversion (lower panel). *P 	 0.05 compared to mRNA
levels in tissues harvested from control (sham-operated) ani-
mals (ANOVA).

Fig. 3. Messenger RNA content of mucosal scrapings in mu-
cosal scrapings harvested from poststomal segments of ileum
with no infusion or with infusions of isoosmotic mannitol or
saline. mRNA levels from tissues harvested 8 days after diver-
sion are shown. *P � 0.05 compared to mRNA levels in tis-
sues harvested from animals that did not receive infusions
(ANOVA).
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intraluminal administration of butyrate, an organic
nutrient structurally related to glutamine and known
as a colonocyte nutrient but not as an enterocyte nu-
trient. Thus it appears that, at the transcriptional

level, NHE-3 expression responds to luminal pres-
ence or absence of the Na� ion and specific entero-
cyte trophic factors.

Somewhat puzzling was the observation that dis-
tribution of the NHE-3 protein was not altered by
diversion at 8 days after diversion. To be sure about
this finding, similar studies were performed in three
animals 21 days after diversion. As was observed only
8 days after diversion, no real changes in distribution
of the protein in the brush border and along the
crypt/villus axis of the ileal mucosa were seen (data
not shown). It is possible that quantitative measure-
ments of protein using Western blot analysis would
reveal changes in protein content; however, the qual-
itative appearance of immunofluorescence intensity
(see Figs. 5 and 6) argues against there being pro-
found alterations in NHE-3 protein expression, even
with a 3-week interval after diversion. These find-
ings suggest that NHE-3 expression is altered, at the
level of gene transcription, soon after diversion.
However, expression levels and distribution of the
NHE-3 protein product may not be altered in the
short term.

In this context, it has become increasingly well
recognized that transcription of the message and
translation to transport proteins such as NHE-3 are
not always correlated.19,20 Caution must be used in
drawing conclusions about the effects of specific ma-
nipulations of luminal conditions or the neurohu-
moral milieu on transporter expression and function.
At the same time we do not believe it would be fair
to conclude that, because message and protein levels
do not always correlate, changes in message level are
unimportant in understanding mucosal responses to
changing conditions.21 Our findings suggest that di-
version does not immediately downregulate protein
expression but may have effects on the mucosal in-
vestment in new production of message and protein.
At the transcriptional level, expression of NHE-3 is

Fig. 4. Messenger RNA content of mucosal scrapings in mucosal
scrapings harvested from poststomal segments of ileum with infu-
sion of saline alone vs. saline plus butyrate (upper panel); and infu-
sion of saline alone vs. saline plus glutamine (lower panel). Panel
shows mRNA levels from tissues harvested 8 days after diversion.
*P � 0.05 compared to mRNA levels in tissues harvested from
animals that received infusions of saline only (ANOVA).

Fig. 5. Immunohistochemistry using NHE-3 antibody in the poststomal ileal segment in a diverted ani-
mal (left) and from the corresponding 5 cm segment of terminal ileum in a control animal (right).
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sensitive to the ion and nutrient composition of the
fluid within the ileal lumen. Further work is required
to understand whether and how these early changes
in message level contribute to mucosal function and
the adaptive response to luminal diversion.

In summary, our studies suggest that content and
composition of the lumen may influence transcrip-
tion and ultimately expression of specific transport-
ers that mediate salt and water transport in the
mucosa of the distal ileum. The recognition that ex-
pression of NHE-3 may be the most sensitive indi-
cates that this isoform is a potential target of manip-
ulation for improving salt and water absorption. In
addition, the fact that alterations in content and
composition of the lumen may affect later expression
offers the possibility that manipulation of diet or lu-
minal nutrients may prove therapeutically useful in
patients suffering from excessively high output from
an ileostomy or with diseases affecting absorption in
the distal ileum.
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Poor Outcome and Quality of Life in Female Patients 
Undergoing Secondary Surgery for Recurrent Peptic 
Ulcer Disease

 

Gonzalo V. Gonzàlez-Stawinski, M.D., Jason M. Rovak, M.S., Hilliard F. Seigler, M.D.,

 

John P. Grant, M.D., Matthew F. Kalady, M.D., Shanka Biswas, M.D., Theodore N. Pappas, M.D.

 

Secondary peptic ulcer surgery is uncommon given the success of a wide variety of medical therapies, plus
the good outcome expected after primary peptic ulcer surgery. Early reports of secondary peptic ulcer
surgery in the 1950s and 1960s suggested good long-term outcome in most patients; however, recent data
suggest that patients operated in the 

 

Helicobacter pylori

 

 era have a worse outcome. We have attempted to
quantify the poor outcome in these patients and measure the effect of sex, a previously unrecognized risk
factor for poor outcome after peptic ulcer surgery. We reviewed the outcomes of 35 patients who under-
went secondary peptic ulcer surgery for symptoms of persistent or recurrent peptic ulcer symptoms or
complications of the condition. These patients were compared to a “control” group of patients to deter-
mine long-term quality of life as measured by the SF-36 and Visick scores (average follow-up 60 months).
Visick and SF-36 scores were obtained through telephone interviews. The two groups of patients were
age matched to eliminate age as a variable in the SF-36 results. There were more females than males in
the secondary peptic ulcer surgery group (4.5/1 female-to-male ratio). Although perioperative mortality
was zero for both groups, patients undergoing secondary peptic ulcer surgery had a high number of com-
plications (57% of patients had complications). Patients undergoing secondary peptic ulcer surgery
scored lower in seven of the eight subclasses of the SF-36 questionnaire compared to their age-matched
cohorts. In contrast, average Visick scores showed slight improvement for three out of four symptoms re-
ported. Immediate postoperative complications were not related to long-term quality of life issues. Sec-
ondary peptic ulcer surgery is more prevalent in females than in males. Although secondary peptic ulcer
surgery is partially effective in alleviating symptoms, quality of life is poor. ( J G

 

ASTROINTEST

 

 S

 

URG

 

 2002;

 

6:396–402.) © 2002 The Society for Surgery of the Alimentary Tract, Inc.

K

 

EY

 

 

 

WORDS

 

: Quality of life, recurrent, peptic ulcer, outcomes

 

Secondary peptic ulcer surgery is rare because of

 

the success of a variety of medical therapies, in addition
to the good outcome expected from primary peptic ul-
cer surgery. Despite its rarity, secondary peptic ulcer
surgery is considered an alternative in treating symp-
toms associated with recalcitrant or recurrent peptic
ulcer disease, or complications stemming from a pri-
mary peptic ulcer procedure. Previously it was sug-
gested that secondary peptic ulcer surgery offered
patients an improved quality of life as determined by

 

Visick scores. However, this concept has been re-
cently challenged given the morbidity associated with
the procedure.

 

1

 

 In the following report we review
our experience with secondary peptic ulcer surgery

and provide insight into to the impact of the proce-
dure on the patient’s quality of life as determined by
the Medical Outcomes Study Questionnaire 36-Item
Short Form Health Survey (SF-36).

 

PATIENTS AND METHODS

 

Between January 1, 1985, and December 31, 2000,
thirty-five patients underwent secondary peptic ulcer
surgery at Duke University Medical Center. Their
medical records and clinic notes were analyzed for pa-
tient demographics, indications for surgery, primary
peptic ulcer surgeries, secondary peptic ulcer surger-
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ies, pathologic diagnosis, length of hospital stay, read-
missions, and short-term outcomes. Long-term out-
comes following surgical procedures were ascertained
by way of a telephone interview. Long-term outcome
variables included the impact of the surgery on the
patient’s gastrointestinal symptoms, the need for
medication to relieve gastrointestinal symptoms, di-
etary habits, work status, overall satisfaction with the
results of the surgical procedure, and quality of life as
measured by the Medical Outcomes Study Question-
naire 36-Item Short Form Health Survey (SF-36).

To objectively quantify the severity of gas-
trointestinal complaints, a modified Visick grading
system was used. Based on the severity of the symp-
toms and the need for medical therapy, Visick grades
were as follows: grade 1 

 

�

 

 no symptoms and no med-
ical therapy; grade 2 

 

�

 

 occasional symptoms but no
medical therapy required; grade 3 

 

�

 

 constant symp-
toms severe enough to require and respond to medi-
cal treatment; and grade 4 

 

�

 

 severe and incapacitat-
ing symptoms unresponsive to medical treatment.

Quality of life was determined with the use of the
SF-36. The SF-36 was chosen because it assesses health-
related quality-of-life outcomes, namely, those known
to be the most directly affected by disease and treat-
ment. There are eight scales tested within the SF-36.
Five scales (Physical Functioning, Role Physical,
Bodily Pain, Social Functioning, and Role Emo-
tional) define health status as the absence of limita-
tion or disability, and three scales (General Health,
Vitality, and Mental Health) measure a much wider
range of negative and positive health states. The
highest possible score for each scale is 100 and is
achieved when patients perceive no limitations in
their daily lives (based on the first five scales) and
evaluate their health favorably (based on the latter
three scales).

 

2

 

SF-36 scores from patients undergoing secondary
peptic ulcer surgery were compared to three age-
matched control groups whose SF-36 scores were
calculated after submitting them to the same SF-36
questionnaire. Group A was composed of 20 patients
who had undergone a single peptic ulcer surgery for
any complication of peptic ulcer disease. Patients in
group A were age matched and had an average fol-
low-up of 60 months. Group B included 20 patients
who had undergone major curative resections for
gastric adenocarcinoma, had no evidence of meta-
static disease at presentation, and were potentially
curable by surgical intervention. These patients were
selected to represent age-matched cohorts with a to-
tal or near-total gastrectomy. The average follow-up
for these patients was 60 months. Finally, group C
was composed of a cohort of age-matched individu-
als without chronic disease. The SF-36 scores for

 

group C have been previously published.

 

2

 

 Data were
analyzed using the Student’s 

 

t

 

 test and 

 

P

 

 values of

 

�

 

0.05 were considered significant.

 

RESULTS
Patient Demographics

 

From January 1985 through December 2000,
thirty-five patients underwent secondary peptic ulcer
surgery at Duke University Medical Center. All pa-
tients requiring secondary peptic ulcer surgery did so
despite treatment with H

 

2

 

-blockers, proton pump
inhibitors, and 

 

Helicobacter pylori

 

 clearance. A total of
20 patients were available for interviewing. Of the 35
patients undergoing secondary peptic ulcer surgery,
10 patients were lost to follow-up and five patients
had died by the time the study was conducted. None
of the deaths occurred in association with surgical
procedures. The average follow-up was 60 months.
The ages of the secondary peptic ulcer surgery pa-
tients ranged from 30 to 76 years (mean 49 years).
Females comprised 82% of the 35 patients undergo-
ing secondary peptic ulcer surgery outnumbering
males by a 4.5 to 1 ratio.

The most common primary peptic ulcer surgery
performed in the 35 secondary peptic ulcer surgery
patients was a vagotomy and an antrectomy (53.1%).
The second most common primary peptic ulcer sur-
gery performed was a vagotomy with a pyloroplasty
(18.8%). Other primary surgical procedures included
partial gastrectomy (12.5%), vagotomy with a gas-
trojejunostomy (12.5%), and Graham patch (3.1%).

Secondary peptic ulcer surgeries were aimed at al-
leviating gastrointestinal symptoms that were refrac-
tory to medical therapy in 34 patients (97%). One
patient (3%) developed a gastrocolic fistula follow-
ing antrectomy and vagotomy, and was transferred
to Duke University Medical Center for further treat-
ment. Symptoms for which surgery was required in-
cluded crippling abdominal pain (85%), severe heart-
burn (80%), unrelenting nausea and vomiting (80%),
and severe diarrhea (50%).

All 35 secondary peptic ulcer surgery patients
were extensively studied before surgery to determine
the etiology of their gastrointestinal symptoms.
Eleven percent of the patients underwent gastric
emptying studies demonstrating a delayed emptying
of solid foods. Nineteen patients (54%) underwent
esophagogastroduoedenoscopy (EGD). During EGD
57% of patients had a visible ulcer either in the stom-
ach or duodenum, and 25% had retained food within
their stomachs. Ten patients (28%) had upper gas-
trointestinal series, which demonstrated the follow-
ing: 3 of 10 patients with peptic ulcers; one patient with
a gastrocolic fistula; one patient with gastric atony;
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one patient with thickened mucosal folds; two pa-
tients with normal gastric remnant motility; one pa-
tient with a deformed pylorus; and one patient with a
stenosed gastrojejunal anastomosis. A single CT scan
of the abdomen and pelvis was performed in one pa-
tient with nausea and vomiting, which revealed a
markedly dilated stomach with lack of contrast empty-
ing consistent with gastric outlet obstruction.

Secondary peptic ulcer surgeries commonly in-
volved some form of gastrectomy as a remedial sur-
gery. Forty-five percent of those studied underwent
a completion gastrectomy to alleviate their symp-
toms. Eleven percent of patients underwent a partial
gastrectomy and 5.7% had a near-total gastrectomy.
However, less extensive operations were also under-
taken. Almost one fourth of the patients had a vagot-
omy and antrectomy, more than 10% had revisions
and a vagotomy, and pyloroplasty was the operation
of choice in one patient.

All specimens were carefully examined for patho-
logic findings that could explain the severe symp-
toms observed clinically. The most common histo-
logic abnormalities included chronic gastritis (n 

 

�

 

 16)
and benign ulcers (n 

 

�

 

 9). Other findings included a
gastric antral mucosa with focal acute mucosal hem-
orrhage and mild acute serositis in two patients, a
stomach with chronic inflammation, submucosal
hemorrhage in one patient, a stomach with gastric
mucosa containing areas of superficial hyperemia
and hemorrhage, and a single gastric remnant with

multiple areas of small gastric erosions; a single pa-
tient was found to have a stomach with prominent
mucosal folds and fundic gland hyperplasia.

Although the 30-day hospital mortality rate was
zero for the 35 patients undergoing secondary peptic
ulcer surgery, nearly 60% of them had some type of
complication. Twenty-three percent of them suffered
an ileus. Nearly 20% developed an intra-abdominal
abscess, and 80% of these leaks had an associated
anastomotic leakage detected by postoperative radiol-
ogic contrast studies. Uncommon complications in-
cluded superficial wound infections (8%), prolonged
endotracheal intubation (8%), unplanned reintuba-
tion (5%), pneumothorax (5%), sepsis syndrome
(5%), deep vein thrombosis (3%), pneumonia (3%),
renal insufficiency (3%), and urinary tract infection
(3%). As a result of these complications, the average
hospital length of stay was 16.9 days (range 7 to 41
days).

Patients undergoing remedial surgeries were read-
mitted more frequently within a 3-month period after
their discharge. The readmission rate for patients in
the secondary peptic ulcer surgery group at 30, 60,
and 90 days was 17.9%, 7.4%, and 3.7%, respectively.

 

Long-Term Outcomes

 

Gastrointestinal Symptoms. 

 

The impact that sec-
ondary peptic ulcer surgery had on gastrointestinal
symptoms was determined by asking the patients to

Fig. 1. Symptoms before and after surgery. Gastrointestinal symptoms elicited from patients during tele-
phone interviews. Patients undergoing secondary peptic ulcer surgery (n � 20) noted an improvement in
abdominal pain, nausea and vomiting, and reflux with surgery. Some patients did notice an increase in di-
arrhea, but this did not reach statistical significance. N/V � nausea and vomiting.
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complete a gastrointestinal symptom questionnaire
and answer the questions in relation to symptoms
suffered before and after surgery. The most common
symptom for which surgery was performed was ab-
dominal pain (Fig. 1), which was reported by more
than 80% of patients. With surgery this number was
nearly halved (

 

P

 

 

 

�

 

 0.001). Nausea and vomiting were
also commonly reported and surgery had a similar
impact on these symptoms as it did for abdominal
pain. Diarrhea seemed to increase after surgical in-
tervention, and this would not be surprising given
that these patients would develop some type of dump-
ing or malabsorption syndrome with the removal of
the gastric reservoir (Fig. 1).

 

Visick Scores. 

 

With improvement in symptoms
there was a detectable improvement in individual
symptoms-associated Visick scores after surgery. A
statistically significant improvement in Visick scores
was detected for the symptoms of abdominal pain (

 

P

 

 

 

�

 

0.001), nausea and vomiting (

 

P

 

 

 

�

 

 0.005), and reflux
(

 

P

 

 

 

�

 

 0.004) (Fig. 2). As described previously, the re-
ported rate of diarrhea did increase with surgery;
however, the impact that it had on the individual
symptom-associated Visick score did not reach sta-
tistical significance (

 

P

 

 

 

�

 

 0.748) (see Fig. 2).

 

Need for Medications to Alleviate Gastrointesti-
nal Symptoms. 

 

When asked, the majority of second-
ary peptic ulcer surgery patients admitted using
some type of medication to alleviate their gas-
trointestinal symptoms. With surgery the percentage
of patients requiring medication was halved. Ironi-

cally, although 30% of patients who had diarrhea re-
ported using medications before their surgery, none
of them did so after surgery.

 

Nutritional Requirements. 

 

During the interview
process, patients were asked about their dietary hab-
its and what type of diet they were following during
the perioperative period. The diets included solids,
purees, or liquids, or the need for nutritional supple-
mentation with total parenteral nutrition (TPN) or
tube feeding. Before surgery, a large proportion of
patients were only able to ingest a liquid diet because
of their symptoms. Postoperatively there was a ten-
dency for these patients to tolerate a solid diet; how-
ever, this did not reach statistical significance (

 

P

 

 

 

�

 

0.94). Although TPN and tube feeding were required
as nutritional support in 45% and 10% of patients
postoperatively, patients were gradually weaned from
these feedings with the exception of one patient who
was still dependent on TPN at follow-up.

 

Employment and Disability. 

 

At follow-up, 90%
of patients admitted to holding a job preoperatively
despite their disease. However, 10% of the group in-
terviewed were on disability as a source of income.
After surgery, 50% of those interviewed had re-
turned to work in either a full-time or part-time po-
sition. The other half of the patients were disabled
after surgery and required financial support to sus-
tain themselves.

 

Overall Satisfaction. 

 

Despite the fact that a large
proportion of patients became disabled after second-
ary peptic ulcer surgery, most of them were satisfied

Fig. 2. Change in average Visick score with surgery. There was a significant improvement in most indi-
vidual Visick scores with surgery in patients suffering of recalcitrant peptic ulcer disease (n � 20). How-
ever, although the reported diarrhea rate did increase, this did not seem to have a significant impact on
the Visick score.



 

Journal of 

 

400

 

Gonzàlez-Stawinski et al.

 

Gastrointestinal Surgery

 

with their surgical results. Of the 20 patients inter-
viewed, 16 (80%) admitted to being satisfied with their
surgery.

 

Quality of Life. 

 

SF-36 scores in each subclass
ranged from 0 to 100. A high score for a functional
subclass indicates good functioning and few restric-
tions on quality of life, whereas the opposite is true
for a low score. Average scores were used to compare
intergroup differences. Overall, patients undergoing
secondary peptic ulcer surgery scored worse than
their age-matched cohorts (see Fig. 3). Worse scores
were detected in those scales measuring physical
health status: Physical Functioning, Role Function-
ing, and Bodily Pain. Patients undergoing secondary
peptic ulcer surgery also scored poorly in those
scales measuring both physical and mental well-
being: Vitality and General Health. Regarding those
scales that measure mental well-being, secondary
peptic ulcer surgery patients scored worse than their
cohorts in Social Functioning and Role Emotional.
Surprisingly, although scores for Mental Health
were lower than those in group A, average scores in
the secondary peptic ulcer surgery group were better
than those in group B. SF-36 scores on average were
at least one standard deviation below the score for
group C (Fig. 4).

 

DISCUSSION

 

Despite significant progress in gastric surgery
over the past 50 years, recurrent ulceration after pri-
mary peptic ulcer surgery continues to be a challeng-

ing problem. Factors presumed to heighten the sus-
ceptibility to this disease include persistent use of
aspirin products, smoking, and an inadequate first
ulcer surgery.

 

3,4

 

 Most reports suggested that recur-
rent and/or recalcitrant peptic ulcer disease is gender
specific, affecting mainly males.

 

1,5–9

 

 However, we
and others have found that females are more prone
to develop recurrent peptic ulcer disease requiring
remedial peptic ulcer surgery.

 

10,11

 

 Although there are
diseases that certainly are gender specific, why fe-
males are more prone to develop recurrent or recal-
citrant peptic ulcer disease is still unclear. It is possi-
ble that postsurgical gastric atony is more prevalent
in females after primary peptic ulcer surgery, as has
been previously suggested,

 

10–12

 

 or that these patients
suffered from a primary dysmotility disorder of the
stomach and/or the small bowel to begin with rather
than an acid-mucosa imbalance at their initial pre-
sentation.

Patients requiring a second peptic ulcer surgery
are often middle aged (commonly in their 40s or
50s), have multiple gastrointestinal complaints de-
spite maximal medical therapy, and require not only
a second ulcer surgery but many times three or more
procedures.

 

1,3,5–10

 

Although mortality associated with reoperative in-
terventions has diminished to nearly zero, secondary
peptic ulcer surgery continues to be associated with
significant morbidity.

 

11,13

 

 As we have shown, more
than half of all patients undergoing secondary peptic
ulcer surgery develop some type of complication.
Moreover 19% of patients undergoing secondary
peptic ulcer surgery develop an intra-abdominal ab-

Fig. 3. Comparison of SF-36 scores between patients undergoing secondary peptic ulcer surgery (n � 20)
and patients undergoing primary peptic ulcer surgery (n � 20) and patients undergoing gastrectomy for
gastric carcinoma (n � 20). Patients undergoing secondary peptic ulcer surgery scored worst in seven of
the eight subscales of the SF-36. PF � physical function; RP � role physical; BP � bodily pain; GH �
general health; VIT � vitality; SF � social functioning; RE � role emotional; MH � mental health.
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scess. We believe that this rate reflects the 25% inci-
dence of preoperative bezoar formation in our study
group, which might have predisposed them to bacte-
rial overgrowth in atonic stomachs, operations in
contaminated fields, and a higher than expected rate
of intra-abdominal abscesses.

With the added morbidity associated with second-
ary peptic ulcer surgeries comes a large economic
burden. We have shown that patients after secondary
peptic ulcer surgeries seem to remain hospitalized
for long periods of time and have a high rate of read-
mission. Furthermore, in our experience secondary
surgery ulcer patients took longer to return to work
(data not shown) and a greater proportion were inca-
pable of returning to work after surgery.

Despite these shortcomings, secondary peptic ul-
cer surgeries are effective procedures.

 

3,8

 

 Most au-
thors agree that when Visick grades are used as a
measure of surgical success, there is an improvement
in symptoms and most patients can be converted to a
lesser Visick grade.

 

1,6,7,9,10

 

 Our experience mirrors
these reports, as Visick grades for most of our pa-
tients diminished after surgery.

However, the improvement in Visick grade seems
not to equate with an improvement in quality of life,
as might have been suggested in the past.

 

1

 

 In our ex-
perience, with the use of a more specific measure of
quality of life, the SF-36, most patients did not enjoy
an improvement. In fact, their quality of life seemed
to be worse than that of patients operated on for a
primary peptic ulcer or gastric carcinoma. In addi-
tion, patients undergoing reoperation seemed to
have a poorer quality of life than a healthy aged-
matched population in the United States, even after
several years had elapsed since their operations. The

reason for this occurrence is theorized to be multi-
factorial. For instance, most patients with recalci-
trant peptic ulcer disease suffer from chronic pain
and are chronically dependent on narcotics to con-
trol the symptoms associated with their disease. This
chronicity might lead to the development of psycho-
logical problems, which cannot be corrected by sur-
gery. Although we did not ascertain what proportion
of patients had concomitant psychiatric illnesses,
others have suggested that this might explain the
poor results in this patient population.

 

13

 

 In fact,
some investigators have even gone through the pro-
cess of psychological testing before embarking on
any surgical correction to weed out those individuals
who do not suffer from recurrent or recalcitrant
symptoms of peptic ulcer disease symptoms.

 

10–12

 

CONCLUSION

 

Secondary peptic ulcer surgery seems to be more
prevalent in females than in males. Although second-
ary peptic ulcer surgery is partially effective in allevi-
ating symptoms associated with recurrent peptic ulcers
complicating primary peptic ulcer surgery, quality of
life is not returned to that of a normal healthy indi-
vidual.
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Enterocyte Response to Ischemia Is Dependent on 
Differentiation State

 

Brian F. Hinnebusch, M.D., Qing Ma, M.D., J. Welles Henderson, B.A., Aleem Siddique, M.D., 
Sonia Y. Archer, M.D., Richard A. Hodin, M.D.

 

Enterocytes at the tips of microvilli are more sensitive to an ischemic insult than those cells residing in
the crypts, an effect thought to be due to a relative lack of collateral flow. We speculated that this in-
creased cellular sensitivity to ischemia might be an intrinsic feature of the cells related to their differenti-
ated phenotype. To test this hypothesis, enterocyte response to ischemia was determined using both in
vivo and in vitro models. For the in vivo studies, male Sprague-Dawley rats underwent laparotomy, and
small intestinal ischemia was induced by clamping the superior mesenteric artery for 30 or 60 minutes, af-
ter which reperfusion was allowed for various time points up to 4 days. Injury was assessed histologically,
as well as with Northern blots, probing for the enterocyte differentiation markers intestinal alkaline
phosphatase and lactase, as well as the gut-epithelial marker villin. Mucosal changes consistent with is-
chemia/reperfusion injury were evident—that is, a rapid inflammatory response followed by progressive
villus cell loss beginning at the tips and progressing to the crypts, depending on the degree of insult, with
an eventual return to normal microanatomy. Intestinal alkaline phosphatase and lactase were lost imme-
diately after ischemia and returned with reperfusion, confirming that the differentiated cells are particu-
larly sensitive to ischemic injury. The in vitro studies employed two separate models of enterocyte differ-
entiation: sodium butyrate–treated HT-29 cells and Caco-2 cells maintained for 7 days after confluence.
In both models, undifferentiated and differentiated cells were subjected to treatment with 2-deoxyglucose
and oligomycin-A (in vitro model of ischemia) and apoptosis was assessed by fluorescence-activated cell
sorting analysis. Differentiation of both cell lines resulted in a significantly greater apoptotic response to
ischemia compared to undifferentiated cells exposed to an identical insult. We conclude that differenti-
ated enterocytes may be inherently more sensitive to ischemia-induced injury than their undifferentiated
counterparts. These findings call into question the popularly held belief that villus tip cells are more sus-
ceptible to ischemia because of their location relative to the microvascular anatomy. ( J G
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S

 

URG

 

 2002;6:403–409.) © 2002 The Society for Surgery of the Alimentary Tract, Inc.
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The small intestinal lumen is lined by a simple co-
lumnar epithelium, which is continually regenerated
and has a turnover time of 3 to 6 days.

 

1

 

 This constant
renewal of the gut mucosa is critical for the mainte-
nance of its structural and functional integrity. The
rapid proliferation and replacement of sloughed cells
is accomplished by the coordinated and highly regu-
lated processes of replication, migration, differentia-
tion, and apoptosis.

 

2,3

 

 A population of rapidly divid-
ing pluripotent stem cells located in the crypts of
Leiberkuhn give rise to four distinct cell lineages, of
which the enterocyte is the most common, compris-
ing approximately 95% of the overall small bowel

epithelial population.

 

4

 

 As these stem cells divide,
they migrate upward along the crypt-villus axis, with-
draw from the cell cycle, differentiate, and eventually
undergo apoptosis and are sloughed into the lumen.

 

5

 

The mechanisms governing this highly ordered pro-
gression from rapidly dividing pluripotent stem cell
to terminally differentiated, apoptotic cell are not
well understood but are clearly innate characteristics
of the intestinal epithelium, which can be modified
by a variety of physiologic and pathophysiologic
stimuli.

 

6–8

 

Gut ischemia is commonly observed in several
clinical settings, among which are acute occlusive or
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low-flow states, transient intestinal ischemia associ-
ated with vascular bypass procedures requiring cross-
clamping of the aorta, and trauma patients being re-
suscitated from hemorrhagic shock. It is known that
ischemia-induced injury to the gut begins in the mu-
cosa and progresses outwardly to the serosa.

 

9,10

 

The cells at the tips of the villi are particularly
sensitive to an ischemic insult, an observation thought
to be the result of their location at the end distribu-
tion of a central arteriole, which leads to a lower oxy-
gen tension compared to the crypt.

 

11

 

 The gut epithe-
lium has been shown to respond to ischemia by
undergoing apoptosis rather than necrosis.

 

12–14

 

 Be-
cause, under normal conditions, differentiated en-
terocytes (or villus cells) are programmed to undergo
apoptosis, and these same cells are those which are
most sensitive to an ischemic insult, we speculated
that their increased sensitivity to ischemia may be an
intrinsic property of the cells related to their differen-
tiation state. The specific aim of this study was to
demonstrate that differentiated enterocytes are more
susceptible to ischemia-induced apoptosis irrespec-
tive of blood flow.

 

MATERIAL AND METHODS
In Vivo Studies

 

Male Sprague-Dawley rats (200 to 250 g) were
obtained from Charles River (Wilmington, Massa-
chusetts) and maintained on a diet of standard chow
diet with water ad libitum, in accordance with the in-
stitutional guidelines set forth by the animal welfare
committee of the Beth Israel Deaconess Medical

 

Center. The animals were fasted but given water ad
libitum for 1 day before the experiment. Anesthesia
was induced with an intraperitoneal injection of
pentobarbital (40 mg/kg). After ensuring that an ad-
equate level of anesthesia was being maintained, lap-
arotomy was performed and the superior mesenteric
artery (SMA) was occluded with a microvascular
clamp (George Tiemann and Co., Happauge, New
York) for a period of 30 or 60 minutes, after which
the clamp was removed (time 0) and the incision was
closed with simple interupted 3-0 silk sutures. The
animals were then allowed to recover and subse-
quently maintained on a diet of standard chow with
water ad libitum. At 6 and 24 hours after ischemia,
the animals were killed by an overdose of pentobar-
bital (80 mg/kg). Segments of jejunum (10 cm begin-
ning at the ligament of Treitz and running distally)
and ileum (10 cm beginning at the ileocecal valve
and running proximally) were harvested and fixed in
37% formaldehyde for histologic examination or
processed for Northern blot analyses.

 

Histologic Findings

 

Segments of rat small intestine were imbedded in
paraffin and then serially sectioned, fixed, and stained
with hematoxylin and eosin following standard his-
tologic protocols. The crypt-villus height was deter-
mined by an independent observer in both the control
and postischemia groups (n 

 

�

 

 10) from randomly se-
lected sections (double-blind design) at 

 

�

 

100 magni-
fication using a calibrated ocular-grid eyepiece (Ni-
kon, Tokyo, Japan).

 

Northern Blot Analysis

 

Total RNA was extracted from rat small intestine
using the guanidium thiocyanate method.

 

15

 

 North-
ern blot analyses were performed by loading 20 

 

�

 

g
of RNA per lane on an agarose-formaldehyde gel,
separating by electrophoresis, transferring onto ni-
trocellulose membranes, and baking for 2 hours at
80

 

�

 

 C. Equal loading of RNA per lane was confirmed
by examination of ethidium bromide–stained gels.
Complementary DNA probes were 

 

32

 

P radiolabled
to a specific activity of approximately 5 

 

�

 

 10

 

8

 

 cpm/

 

�

 

g
DNA according to the technique of Feinberg and

 

Vogelstein.

 

16

 

 The intestinal alkaline phosphatase (IAP)
probe is a 1.9 kb Pst1 fragment derived from the hu-
man IAP cDNA

 

17

 

 and the villin probe is a 530 bp
fragment from the human cDNA and was provided
by Dr. M. Arpin.

 

18

 

 The lactase probe is a 1.8 kb
EcoRI/PstI fragment derived from the rat cDNA
and was provided by Dr. Richard Grand.

 

19

 

 The actin
probe is a 1.0 kb PstI fragment derived from the
mouse 

 

�

 

-actin cDNA.

 

20

 

 Hybridizations were carried
out in 5

 

�

 

 saline sodium citrate (1

 

�

 

 SSC 

 

�

 

 3 mol/L
NaCl, 0.3 mol/L SCC)/50% formamide/1% sodium

 

dodecyl sulfate (SDS) (Sigma, St. Louis, Missouri)
at 42

 

�

 

 C. The washing conditions were 2

 

�

 

 SSC/
0.1% SDS at 50

 

�

 

 C.

 

Cell Culture

 

HT-29 and Caco-2 cells were obtained from the
American Type Culture Collection (Manassas, Virginia)
and maintained in standard Dulbeccos’s modified eagle
medium (Gibco BRL, Rockville, Maryland) with 10%
fetal bovine serum, 2 mmol/L glutamine, and 100 U/ml
penicillin-streptomycin (Bio-Whittaker, Walkersville,
Maryland) at 37

 

�

 

 C and 5% CO

 

2

 

. Cells were passaged
and experiments performed at 70% confluence ex-
cept in the case of the postconfluent studies as indi-
cated. Medium was changed every 3 days and just be-
fore each experiment. Differentiation was induced in
the HT-29 cells by adding sodium butyrate (Sigma)
to the medium to a final concentration of 5 mmol/L
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for 24 hours and in the Caco-2 cells by maintaining
them for 7 days after they had reached confluence.

 

In Vitro Ischemia

 

Cells were washed once with high–phosphate buff-
ered Ringer’s solution containing glucose (HPBR

 

�

 

5 mmol/L HEPES, 5 mmol/L KCl, 3.33 mmol/L
NaH

 

2

 

PO

 

4

 

, 0.83 mmol/L Na

 

2

 

HPO

 

4

 

, 1 mmol/L MgCl

 

2

 

,
135 mmol/L NaCl, 1 mmol/L CaCl

 

2

 

, 10 mmol/L
glucose, Sigma) and then incubated in HPBR

 

�

 

 for
30 minutes at 37

 

�

 

 C and 5% CO

 

2

 

, after which they
were washed once with high–phosphate buffered
Ringer’s solution without glucose (HPBR

 

�

 

) and di-
vided into two treatment groups: nonischemic con-
trol cells and ischemic cells. The ischemic cells were

 

incubated with 10 mmol/L 2-deoxyglucose and 1 

 

�

 

mol/L
oligomycin-A (Sigma) in HPBR

 

�

 

 (OLI/DOG cock-
tail) for various time points, while the control cells
were incubated in HPBR

 

�

 

 for the same time peri-
ods, with all incubations at 37

 

�

 

 C and 5% CO

 

2

 

. This
ischemia protocol has previously been shown to re-
sult in marked but reversible adenosine triphosphate
depletion.

 

21

 

 After treatment, both groups of cells
were washed three times in phosphate-buffered sa-
line solution (PBS; pH 7.4, Gibco) and returned to
standard medium until harvest for fluorescence-acti-
vated cell sorter (FACS) analysis.

 

Apoptosis Analysis

 

Cells were seeded at a density of 1 

 

�

 

 10

 

6

 

 per well in
six-well cluster plates (Becton-Dickinson, Franklin
Lakes, New Jersey), and chemically-induced ischemia
was administered as indicated. The cells were then re-
turned to standard medium for 24 hours, after which
they were collected in trypsin (Bio-Whittaker),
washed with PBS (pH 7.4), and fixed in 70% ethanol
(Aaper, Shelbyville, Kentucky) overnight. The follow-
ing day, the cells were centrifuged at 1000 rpm for 10
minutes, resuspended in 50 

 

�

 

g/ml propidium iodide
(Sigma) in PBS, and immediately subjected to flow cy-
tometry optimized for propidium iodide using an
FACS scan (Becton-Dickinson). Appropriate settings
of forward and side scatter gates were used to examine
10,000 cells per sample. Results were analyzed with
Cell Quest (Becton-Dickinson) and Modfit (Verity
Software House, Topsham, Maine) software.

 

Statistical Analysis

 

Statistical analysis was carried out by means of
Student’s 

 

t

 

 test and two-way analysis of variance
where appropriate, with 

 

P

 

 

 

	

 

 0.05 considered statisti-
cally significant.

 

RESULTS

 

Villus tip cells are more sensitive to an ischemic
insult. The ischemia induced by SMA occlusion re-
sulted in mucosal sloughing accompanied by an in-
tense inflammatory infiltrate during the reperfusion
period. The severity of injury was proportional to
the degree of ischemic time (30 or 60 minutes) and
was demonstrated by the progressive loss of the villi
beginning at the tips and moving toward the crypt
base. Segments of jejunum and ileum were studied and
compared to nonischemic control specimens from
the corresponding segment in each group. Fig. 1, 

 

A

 

shows the histologic damage in a representative sec-
tion of jejunum harvested after 6 hours of reperfu-
sion following an ischemic insult of 60 minutes. By
24 hours the microanatomy returns to normal. A quan-
titative analysis of the damage is depicted in Fig. 1, 

 

B

 

.
In both the jejunum and ileum, there is a significant
decrease in the crypt-villus heights at 6 hours after
an ischemic time of 30 minutes (16.8% and 25%, re-
spectively; 

 

P

 

 

 

	

 

 0.005, n 

 

�

 

 10) compared to the re-
spective nonischemic control specimens. Sixty minutes
of ischemic time resulted in an even greater decrease
(51.1 and 98.1%, respectively; 

 

P

 

 

 

	

 

 0.005). After 24
hours of reperfusion, the crypt-villus heights return to
preischemia control levels.

Differentiated enterocytes are more sensitive to
an ischemic insult in vivo. To confirm that it is the
loss of the differentiated enterocytes that results in
the decrease in the crypt-villus height, we subjected
the postischemia small intestines to Northern blot
analyses. Fig. 2 shows blots of RNA taken from rat
small intestines harvested at 6 and 24 hours of reper-
fusion after an ischemic insult of 60 minutes. The
control rats underwent a sham laparotomy, which
was closed after 60 minutes. The differentiation
markers IAP and lactase are shown to be expressed in
the control intestines (lane C). These markers, which
are only expressed by differentiated enterocytes, are
lost at 6 hours of reperfusion as a result of the is-
chemia, indicating the loss of differentiated entero-
cytes from the mucosa. At 24 hours these markers
return to near-normal levels of expression, parallel-
ing the time course of the histologic damage. Villin
expression, which is greater in differentiated entero-
cytes but also occurs in the undifferentiated cells, is
significantly attenuated at 6 hours but not com-
pletely lost, indicating that viable enterocytes remain
within the crypts. As is the case for IAP and lactase,
villin expression also returns to normal by 24 hours.
Actin is included as a control for equal loading of
RNA in each lane.

Differentiated cells are more sensitive to is-
chemia-induced apoptosis in vitro. It has been shown



 

Journal of 

 

406

 

Hinnebusch et al. Gastrointestinal Surgery

 

in vivo that enterocytes respond to transient is-
chemia by undergoing apoptosis, an active process
that requires new protein synthesis.

 

12–14

 

 A minimal
degree of ischemia-induced apoptosis was seen in the
undifferentiated (preconfluent) Caco-2 cells (1.1-

fold vs. control, 

 

P

 

 

 

	

 

 0.005; Fig. 3). In contrast, dif-
ferentiated cells (postconfluent) undergo a signifi-
cantly greater apoptotic response to ischemia (7-fold
vs. control, 

 

P

 

 

 

	

 

 0.005; Fig. 3). Because the in vitro
model removes the cells from a microcirculation,
this result suggests that the increased cellular sensi-
tivity to ischemia may be an intrinsic feature of dif-
ferentiated enterocytes.

Finally, we examined HT-29 cells using the dif-
ferentiation agent sodium butyrate. The HT-29 cell
line was employed to independently verify the find-
ings observed in the Caco-2 cell line. Butyrate itself
caused an increase in apoptosis (Fig. 4), which com-
plicates the interpretation of the ischemia-induced
apoptosis. However, results with this second, inde-
pendent in vitro model system were similar to those
seen with the Caco-2 cell model. Indeed, differenti-
ated HT-29 cells were more sensitive to ischemia-
induced apoptosis than their undifferentiated coun-
terparts. Fig. 4 demonstrates that there is a 14.6-fold
(

 

P

 

 

 

	

 

 0.005) increase in apoptosis in ischemic, differ-
entiated cells compared to nonischemic, undifferen-
tiated cells. In contrast, ischemic, undifferentiated
cells demonstrated only a 2.6-fold increase in apop-
tosis (

 

P

 

 

 

	

 

 0.005) when compared to nonischemic,
undifferentiated cells.

We next compared ischemia-induced apoptosis in
pre- and postconfluent HT-29 cells. Because post-
confluence does not cause differentiation in these
cells, this experiment was designed to test whether
the sensitivity to ischemia in Caco-2 cells was truly
related to the differentiation process, as opposed to
being a function of altered growth. Pre- and post-
confluent HT-29 cells were equally sensitive to is-
chemia-induced apoptosis (Fig. 3), supporting the
conclusion that it is the differentiating effects of

Fig. 1. Rat small intestinal histologic response to an ischemic insult of 60 minutes. A, At 6 hours of rep-
erfusion, there is an intense inflammatory infiltrate and marked sloughing of the villus tips followed by a
return to normal microanatomy at 24 hours. B, The loss of the villus tips is demonstrated by the decrease
in the crypt-villus height, which also returns to preischemia control values at 24 hours. Shown are the av-
erage measurements (n � 10) taken from representative sections of jejunum and ileum at 6 and 24 hours
after ischemic times of 30 and 60 minutes.

Fig. 2. Northern blot analysis of rat jejunal mucosal RNA
probing for the enterocyte differentiation markers intestinal
alkaline phosphatase (IAP) and lactase, as well as the gut epi-
thelial marker villin. Both IAP and lactase are lost at 6 hours
after an ischemic insult of 60 minutes. Villin, which is more
highly expressed in the differentiated enterocytes, is signifi-
cantly decreased but not lost. The markers return to pre-
ischemia control values by 24 hours. Actin is included as a
control for equal RNA loading. The blot shown is representa-
tive of three separate experiments.
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post-confluence in Caco-2 cells that result in the in-
creased sensitivity to ischemia-induced apoptosis.

 

DISCUSSION

 

The processes of gut mucosal epithelial cell
growth arrest, migration, differentiation, and apop-
tosis are critical for the maintenance of small intesti-
nal structure and function. Perturbations of any of
these processes can lead to the clinical sequelae of di-

arrhea, malabsorption, and impaired barrier func-
tion, as is commonly observed in the critical care set-
ting. An understanding of the highly coordinated
mechanisms that regulate gut mucosal turnover un-
der normal conditions may provide insight into how
these processes are modified in response to patho-
physiologic stimuli, and in turn may lead to specific
interventions that could be used to preserve small in-
testinal structure and function in the face of a variety
of insults.

Transient intestinal ischemia is commonly en-
countered in clinical practice, particularly in surgical
critical care. The present studies confirm the mu-
cosal damage that occurs in the gut in response to is-
chemia. That is, with increasing ischemic time, the
small intestinal villi begin to slough, beginning at the
tips and moving toward the crypts. Cell loss results
not from necrosis, as might be expected, but rather
from apoptosis,

 

12–14

 

 an active process that requires
new protein synthesis. The observation that entero-
cytes residing at the tips of the villi are the first to
undergo apoptosis in response to transient ischemia,
coupled with the knowledge that these same cells are,
under normal conditions, destined for programmed
cell death as part of their normal life span, suggested
that these differentiated enterocytes might be “primed”
for an apoptotic response to stressful stimuli such as
ischemia.

We have shown that it is indeed the differentiated
enterocytes that are preferentially lost because of an
ischemic insult in vivo. The differentiation markers
IAP and lactase are lost after ischemia, whereas the
expression of villin, which is expressed by both dif-

Fig. 3. Effect of differentiation on ischemia-induced apoptosis in Caco-2 cells. Undifferentiated (pre-
confluent) cells exhibited a small apoptotic response to a transient chemically induced ischemic insult of
3 hours. The baseline rate of apoptosis (control) in the differentiated (postconfluent) cells is unchanged
compared to the undifferentiated cells; however, differentiation results in a dramatic increase in is-
chemia-induced apoptosis (7-fold vs. 1.1-fold, P 	 0.005, n � 3). Postconfluence, which does not cause
differentiation in HT-29 cells, did not increase the baseline rate of apoptosis or result in a higher rate of
ischemia-induced apoptosis in this cell line.

Fig. 4. Effect of differentiation on ischemia-induced apoptosis
in HT-29 cells. As was the case with the Caco-2 cell line, un-
differentiated HT-29 cells demonstrated a relatively small ap-
optotic response to the transient ischemia. Differentiation
with sodium butyrate caused an increased rate of apoptosis and
resulted in a significantly large amount of ischemia-induced
apoptosis (14.6-fold vs. 2.6-fold increase, P 	 0.005, n � 9).
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ferentiated and undifferentiated enterocytes, is just
attenuated after the same amount of ischemia/reper-
fusion. Taken together, these findings indicate that
it is the differentiated enterocytes that are lost while
the undifferentiated cells remain to restore the villi
to their normal microanatomy when perfusion is re-
stored.

It has generally been assumed that the increased
sensitivity to ischemia exhibited by the differentiated
enterocytes is related to the fact that these cells re-
side at or near the villus tip at the end of the vascula-
ture without collateral flow. By employing two in vitro
model systems, however, we were able to determine
the response of cells to equivalent degrees of ischemia
in the absence of a microcirculation. This approach
removes the confounding effects of relative varia-
tions in blood flow based on microanatomic location.
Using the two independent models of enterocyte dif-
ferentiation, we have shown that differentiated cells
undergo a significantly greater apoptotic response to
ischemia than undifferentiated cells. These results sug-
gest that the enterocyte’s response to an ischemic in-
sult may depend, at least in part, on intrinsic cellular
factors based on differentiation state.

The two in vitro models, pre-/postconfluent
Caco-2 and butyrate-treated HT-29 cells, have both
been extensively characterized by our laboratory and
others.

 

22, 23

 

 In both models a variety of differentia-
tion characteristics are seen, including growth arrest,
induction of cell cycle inhibitors followed by mark-
ers of differentiation and morphologic features such
as microvilli. We now add increased sensitivity to is-
chemia to the list. Indeed, in both cell lines a dra-
matic increase in ischemia-induced apoptosis was
observed in the differentiated cells compared to their
undifferentiated counterparts. This was readily ap-
parent in the Caco-2 cells, as the undifferentiated
(preconfluent) cells had only a minimal increase in
apoptosis in response to ischemia, whereas the dif-
ferentiated cells (postconfluent) exhibited a marked
increase in apoptosis in response to the same is-
chemic insult. In the case of the HT-29 cells, the dif-
ferentiating agent butyrate caused an increase in
apoptosis, which complicates interpretation of is-
chemia-induced apoptosis in the differentiated cells.
In the assay used to generate these data, apoptosis is
a binary function. That is, either a cell is apoptotic or
it is not. Thus cells that undergo apoptosis as a result
of butyrate treatment are already counted as apop-
totic; they can not become “more” apoptotic. There-
fore the difference between the ischemic and control
groups in the butyrate-treated cells represents a sub-
population of cells undergoing “new” apoptosis,
since the cells in this subpopulation did not become
apoptotic as a result of butyrate treatment or ischemia

alone but rather only when both factors were
present. For control purposes, we employed pre- and
post-confluent HT-29 cells, because these cells do
undergo growth arrest but do not differentiate. The
fact that pre- and postconfluent HT-29 cells exhib-
ited similar ischemia-induced apoptotic responses
strongly supports our hypothesis that it is the differ-
entiation process that specifically makes the cells
more sensitive to ischemia.

The present results indicate that the undifferenti-
ated enterocytes are relatively more resistant to an
ischemic insult, suggesting that a novel therapeutic
approach to protect the small bowel from transient
ischemia-induced damage might be possible (i.e., main-
taining gut epithelial cells in an undifferentiated state
before or during ischemia). Alternatively, future inves-
tigation may reveal the links between differentiation-
induced and ischemia-induced apoptosis, providing po-
tential targets to manipulate in order to protect the
small bowel mucosa from ischemic damage. Such po-
tential interventions would undoubtedly be valuable in
settings such as vascular procedures or intestinal trans-
plantation where gut ischemia is planned in advance.

 

CONCLUSION

 

Differentiated enterocytes are more sensitive to
an ischemic insult due, at least in part, to their more
differentiated phenotype. As such, this increased sus-
ceptibility to ischemia-induced apoptosis appears to
be an intrinsic feature of the cells based on differen-
tiation state rather than an entirely nonspecific re-
sponse based on relative oxygen tension. These results
suggest that further investigation into the link(s)
between enterocyte differentiation, apoptosis, and
ischemia-induced apoptosis may identify targets to
manipulate in order to protect the small bowel from
an ischemic injury.

We wish to thank the laboratory of Dr. Jeffery B. Matthews for
help in establishing the in vitro model of chemically induced is-
chemia.
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Keith A. Kelly, M.D. (Scottsdale, AZ): Dr. Hinne-
busch’s presentation zeroed in on an important problem—
the ischemic gut. All of us have struggled with this
through the years. We have tried to identify the ischemic
gut in the early stages of ischemia and to prevent damage
from the ischemia. Dr. Hinnebusch points out quite
clearly that the crypt enterocytes intrinsically are not as
susceptible to ischemia as those on the villous tips. Per-
haps this is a good thing. The crypt enterocytes, being
protected or being more resistant, can then regenerate the
cells that eventually migrate out to the tips. Dr. Hinne-
busch did show a beautiful slide showing that about 20

hours after ischemia, as I recall, the villous tip cells were
pretty much back to normal.

How does one protect the cells on the tips of the villi to
prevent damage from ischemia? Because the cells are ex-
posed to the lumen, one thought that crossed my mind
was to perfuse the lumen of the gut with oxygen itself or,
perhaps fluorocarbons to which oxygen was loosely cou-
pled to make oxygen available to the cells. However, iden-
tifying states in which ischemia is likely to occur, prevent-
ing the ischemia, and restoring the circulation would likely
be the directions to go.
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Epidermal growth factor (EGF) in intestinal lumen regulates many gut epithelial cell functions. Influ-
enced by growth factors at various differentiation stages, enterocytes execute the major task of absorbing
nutrient amino acids. The purpose of this study was to investigate the effects of EGF on Na

 

�

 

-indepen-
dent L-alanine transport in intestinal epithelial cells. Na

 

�

 

-independent [

 

3

 

H]-L-alanine transport was
measured in the differentiating Caco-2 cells. In both the undifferentiated and differentiated states, L-ala-
nine uptake occurred via a single saturable Na

 

�

 

-independent system L plus simple passive diffusion. Sys-
tem L activity decreased as the cells progressed from the undifferentiated to the differentiated state. Pro-
longed incubation with EGF (

 

�

 

30 hours) resulted in a 70% increase in system L activity in both
undifferentiated and differentiated cells. EGF stimulated the system L V

 

max

 

 without affecting K

 

m

 

. System
L activity stimulation was inhibited by chelerythrine chloride, cycloheximide, or actinomycin D. These
data suggest that intestinal epithelial cell differentiation is associated with a decrease in system L trans-
port capacity. EGF activates system L transport activity through a signaling mechanism involving protein
kinase C, independent of cell differentiation state. Both cell differentiation and EGF regulation of system
L activity occur via alteration of functional copies of the system L transporter. ( J G

 

ASTROINTEST

 

 S

 

URG

 

2002;6:410–417.) © 2002 The Society for Surgery of the Alimentary Tract, Inc.
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Intestinal amino acid absorption is a critical step
for animals to obtain dietary amino acids, which are
the essential building elements for protein synthesis
and biological functions. Luminal amino acids are
absorbed by enterocytes via discrete apical amino
acid transport systems.

 

1

 

 Migrating along the crypt-
villus axis, the undifferentiated crypt cells differenti-
ate into mature villous enterocytes. However, infor-
mation is limited regarding the mechanism by which
amino acid transport is regulated during the differ-
entiation process. The human intestinal epithelial
cell line Caco-2 undergoes spontaneous differentia-
tion after attaining confluence in culture

 

2,3

 

 and has
been widely accepted as a useful in vitro model for
small intestinal epithelial nutrition studies.

 

4,5

 

 Certain
orally delivered factors and luminal paracrines, such
as epidermal growth factor (EGF), affect the luminal
epithelium and regulate many biological functions in

the small intestine.

 

6,7

 

 Endogenous sources include
secretions from the submaxillary gland and jejunal/
ileal mucosa,

 

8

 

 whereas exogenous sources include
milk.

 

6,7,9

 

 EGF has been shown to stimulate cell growth,
proliferation, and differentiation in the epithelial
cells. EGF is the main stimulator in promoting intes-
tinal mucosal wound healing in mucosal injury.

 

10

 

EGF elicits its functions through binding to the same
EGF receptor, a tyrosine kinase in the plasmic mem-
brane, which triggers a series of intracellular cascades
to exert its many biological activities.

 

6,7

 

Previously we have demonstrated that EGF stimu-
lated sodium-dependent system B alanine transport
and sodium-independent system y

 

�

 

 arginine transport
across apical membrane in Caco-2 cells.

 

11,12

 

 System L
is a major Na

 

�

 

-independent transport system for neu-
tral amino acid transport in many tissues including in-
testine.

 

1

 

 In this study we investigated the effect of cell
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differentiation and EGF on System L alanine trans-
port activity in human Caco-2 cell membranes.

 

MATERIAL AND METHODS
Caco-2 Cell Cultures

 

The established human intestinal epithelial Caco-2
cell line was obtained from American Type Culture
Collection (Rockville, Maryland) at passage 16. Cells
were grown in a humidified incubator at 37

 

�

 

 C in
10% CO

 

2

 

/90% O

 

2

 

. Cells were routinely grown in
Dulbecco’s modified eagle medium (DMEM) con-
taining 4.5 g/L glucose, 0.584 g/L glutamine, 10%
fetal bovine serum, 3.7% sodium bicarbonate, 100
IU/ml penicillin, 100 

 

�

 

g/ml streptomycin, and 1%
nonessential amino acids. Caco-2 cells were passaged
weekly after treatment with 0.05% trypsin and 0.02%
ethylenediamine tetraacetic acid. Cells were reseeded
at a density of 4.5 

 

�

 

 10

 

6

 

 cells per 100 mm dish for
future subculturing, or seeded in the six-well cluster
Falcon tissue culture dishes at a density of 4 

 

�

 

 10

 

5

 

cells per 35 mm well for transport experiments. Cells
(passage 19 to 40) were used for experiments. The
day of seeding was designated as day 0. Cells reached
confluence on postseeding days 5 and 6 and under-
went spontaneous differentiation. Preconfluent day
3 cells were undifferentiated and postconfluent day 9
cells were differentiated cells, as determined by in-
testinal epithelial membrane enzyme markers such as
alkaline phosphatase and sucrase, and so forth.

 

2–5

 

The growth medium was changed daily, and cultures
were inspected daily using a phase-contrast micro-
scope.

 

Cell Treatments

 

Cells were treated with various agents including
EGF, cycloheximide (CHX), actinomycin D (Act-D),
or chelerythrine chloride (CHE). To treat cells, growth
medium was first replaced with serum-free medium
(i.e., DMEM containing nonessential amino acids,
penicillin, and streptomycin, but lacking fetal bovine
serum) for 2 hours at 37

 

�

 

 C. The cells were then ex-
posed to each agent at the various times and concen-
trations described below. Pretreatment buffers were
replenished every 6 hours. Caco-2 cells remained
healthy (viability 

 

�

 

99% by dye exclusion) during at
least 48 hours of exposure to serum-free media.
12-O-tetradecanoyl-phorbol-13-acetate (TPA) was
prepared from dimethylsulfoxide (Me

 

2

 

SO) stocks, giv-
ing less than 0.5% Me

 

2

 

SO in final media exposed to
cells. This concentration of dimethylsulfoxide did not
influence alanine uptake activity (28.8 

 

�

 

 54 pmole/
mg/minute control vs. 32 

 

�

 

 4.6 pmole/mg/minute
0.5% Me

 

2

 

SO, n 

 

�

 

 6, 

 

P

 

 

 

�

 

 NS).

 

L-Alanine Uptake Measurements

 

[

 

3

 

H]-L-alanine (Amersham Co., Arlington Heights,
Illinois) uptake across apical membrane was mea-
sured in cells ranging in age from 1 day post seeding
(undifferentiated) through 16 days post seeding (dif-
ferentiated). Cultures were confluent on about day 6.
Studies designed to compare transport in cells 3 days
post seeding to 9 days post seeding were conducted
using cells started from the same seeding parent
cells. Transport activity was measured at room tem-
perature (23

 

�

 

 C 

 

�

 

 1.0

 

�

 

 C). After cells were pretreated
with various agents (described above), cells were
rinsed with “uptake buffer” (23

 

�

 

 C) comprised of 137
mmol/L choline chloride (choline Cl), 10 mmol/L
HEPES/Tris buffer (pH 7.4), 4.7 mmol/L KCl, 1.2
mmol/L MgSO

 

4

 

, 1.2 mmol/L KH

 

2

 

PO

 

4

 

, and 2.5
mmol/L CaCl

 

2

 

. The uptake was initiated by adding 1
ml of this buffer also containing [3H]-L-alanine (2

 

�

 

Ci/ml, 1 

 

�

 

mol/L to 5 mmol/L). Culture dishes
were continuously shaken by an orbital shaker (1 Hz)
during the uptake period. Uptake was arrested by as-
pirating the uptake buffer and washing three times
with ice-cold buffer lacking substrate. Radioactivity
of isotope extracted from the cells with 1 ml 1N
NaOH was neutralized with acetic acid, and then as-
sayed by liquid scintillation spectrometry. Protein in
the NaOH extract was measured using the Bio-Rad
protein assay. Initial rates of transport activity were
determined during the linear uptake period (2 min-
utes), with zero time points serving as blanks. Uptake
rates are expressed as nanomoles of alanine per
minute per milligram of cell protein.

 

Data Analysis

 

All experiments were conducted at least in tripli-
cate (including the zero-time blanks), and all experi-
ments were confirmed using at least two indepen-
dently passaged generations of cells. Experimental
means are reported 

 

�

 

 standard error of the mean
(SEM). Comparisons of means were made by analy-
sis of variance with pairwise multiple comparisons by
the Newman-Keuls method at 

 

P

 

 

 

	

 

 0.05. Transport
kinetic parameters were obtained by fitting data to
the Michaelis-Menten equation by linear or nonlin-
ear regression analysis.

 

RESULTS
L-Alanine Transport Time Course

 

Uptake of [3H]-L-alanine was linear up to at least 10
minutes at L-alanine concentrations of 50 

 

�

 

mol/L or 5
mmol/L in 137 mmol/L choline Cl media (Fig. 1). Ala-
nine uptake rates measured in media containing 137
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mmol/L mannitol or 137 mmol/L chloride or gluco-
nate salts of K

 

�

 

 or Li

 

�

 

 were not significantly different
from rates with choline Cl (

 

P

 

 

 

	 

 

0.05; data not shown).
For all subsequent measurements, an uptake period of
0 to 2 minutes in choline Cl media was chosen.

 

Effect of pH on the L-Alanine Uptake

 

L-alanine (50 

 

�

 

mol/L) uptake was measured in
choline Cl medium at pH 6.4, 7.4, and 8.4 using
HEPES and Tris buffers. The alanine uptake was

unaffected by buffer pH in either day 3 or day 9 cells.
Subsequent experiments were conducted with uptake
buffer at pH 7.4.

 

Amino Acid Analogue Inhibition

 

[

 

3

 

H]-L-alanine (50 

 

�

 

mol/L) transport was mea-
sured, in both day 3 and day 9 cells, in uptake media
containing 5 mmol/L–unlabeled amino acid analogues
(mannitol as control). Fig. 2 shows the relative pattern
of inhibition in day 3 cells. The pattern was similar
at both cell ages, but uptake rates were consistently
greater in day 3 cells compared to day 9 cells (data not
shown). Amino acids and analogues phenylalanine, leu-
cine, 2-aminobicycloheptane-2-carboxylic acid (BCH,
a specific System L substrate), and alanine strongly
inhibited the alanine uptake, whereas 

 




 

-methyl amino
isobutyric acid (MeAIB, a specific System L substrate)
and glycine were weak inhibitors. These inhibition
patterns strongly resemble that of the System L.
Amino acid transport System L is a ubiquitous so-
dium-independent neutral amino acid expressed in
many tissues and cells. Lysine did not interact with
this alanine uptake, which ruled out the possibility of
the system b

 

0,

 

�

 

. Strong inhibition of alanine uptake
by BCH ruled out system asc as the transport system.

 

Effect of Cell Age and Differentiation on System 
L Alanine Transport

 

Fig. 3 demonstrates that the System L alanine up-
take rates decreased as the cells aged. This uptake
was highest in undifferentiated Caco-2 cells and de-
clined as the cells reached confluence (at about day 5
to 6) and became differentiated (

 

�

 

day 9). In our pre-
vious studies we have demonstrated that the Caco-2
cell proliferation rate declined as cells underwent

Fig. 1. Sodium-independent alanine uptake time course. Uptake of alanine (50 �mol/L and 5 mmol/L)
was measured in choline chloride buffer in cells 3 days and 9 days after passaging.

Fig. 2. Alanine uptake inhibition by amino acid analogues in
day 3 cells. Inhibition of 50 �mol/L [3H]-L-alanine uptake by 5
mmol/L unlabeled amino acids, or mannitol control, in choline
media. Similar results were observed in day 9 cells. Inhibitor
symbols: cont, control; Ala, alanine; Asp, asparagine; BCH, 2-
aminobicycloheptane-2-carboxylic acid; Cys, cysteine; Leu,
leucine; Ser, serine; Thr, threonine; Phe, phenylalanine; AIB,
aminoisobutyric acid; Pro, proline; Gly, glycine; MeAIB, 
-
methyl aminoisobutyric acid; Lys, lysine; Glu, glucose.
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differentiation.

 

13

 

 The decrease in activity was coinci-
dent with the cell proliferation rates.

 

Sodium-Independent Alanine Transport 
Kinetics in Undifferentiated and 
Differentiated Cells

 

Uptake of alanine of various concentrations
(1 

 

�

 

mol/L to 5 mmol/L) was measured in both day 3
and day 9 cells. There were nonsaturable passive dif-
fusion and saturable carrier-mediated components in
alanine uptake. For the nonsaturable component, the
passive permeability coefficient (P) describing the
relation J 

 

�

 

 P · [Ala] was calculated at 0.53 

 

�

 

 0.08

 

�

 

g protein

 

�

 

1

 

 min

 

�

 

1

 

 in both day 3 and day 9 cells.
Nonlinear analysis of the saturable component dem-
onstrated a single Na

 

�

 

-independent alanine uptake
system. The maximal capacity (V

 

max

 

) decreased from
V

 

max

 

 

 

�

 

 1.85 

 

�

 

 0.25 nmole mg protein

 

�

 

1

 

 min

 

�

 

1

 

 in the
undifferentiated (day 3) cells to V

 

max

 

 

 

�

 

 0.38 

 

�

 

 0.02
nmole mg protein

 

�

 

1

 

 min

 

�

 

1

 

 in the differentiated (day
9) cells. However, the Na

 

�

 

-independent alanine trans-
port apparent affinity (K

 

m

 

) was unaffected by cell
ages (K

 

m

 

 

 

�

 

 1.10 

 

�

 

 0.19 mmol/L alanine in day 3
cells vs. differentiated cells K

 

m � 1.02 � 0.01 mmol/L
alanine) (Fig. 4).

Effect of EGF on System L Alanine 
Uptake Activity

Uptake of alanine (50 �mol/L) was measured in
the Caco-2 cells (day 3 and day 9) after cells have
been incubated in EGF (0 to100 ng/ml) for various

periods of time (minutes to 72 hours). Continued in-
cubation (48 hours) of EGF (10 ng/ml) resulted in a
70% increase of alanine uptake in day 3 cells (Fig. 5).
Similar stimulation was observed in day 9 cells (14.2 �
2.1 pmole/mg/minute control vs. 23.3 � 3.1 pmole/
mg/minute EGF, n � 6, P 	 0.01). The System L
alanine uptake activity was not affected by EGF at
the incubation time less than 30 hours. The System L
activity was not increased by the pulse EGF treat-
ment. Act-D (0.1 �mol/L), CHX (1 �mol/L), or the
specific protein kinase C inhibitor CHE (6.6 �mol/L)
in the incubation medium blocked the EGF-induced
System L alanine uptake (Fig. 6).The protein content
and cell numbers of the 48 hours of Act-D–, CHX– ,or
CHE–treated cells were comparable to pretreatment
levels. The viability of Act-D/CHX/CHE–treated cells
was greater than 99%. Compared to the control group
(only DMEM treatment), the Act-D/CHX/CHE–
treated cells had 20% less protein and 40% less cells.
The inhibitory effect of Act-D, CHX, or CHE on the
System L alanine uptake was likely due to inhibiting
new protein synthesis rather than a cytotoxic effect.

Effect of EGF on System L Alanine 
Transport Kinetics

Uptake of alanine at various concentrations
(1 �mol/L to 5 mmol/L) was measured in both day 3
and day 9 cells after cells have been incubated in
EGF (10 ng/ml) for 48 hours. EGF stimulated the
system L Vmax in both undifferentiated cells (2.9 �
0.3 nmole protein�1 min�1 vs. 1.85 � 0.25 nmole

Fig. 3. Alanine initial uptake rates decreased with Caco-2 cell
age. Alanine (50 �mol/L) initial rates of uptake were mea-
sured in Caco-2 cells of various ages ranging from 1 day
through 14 days post passaging. A confluent monolayer was
attained on day 6.

Fig. 4. System L kinetics in cells 3 days and in confluent cells
9 days post seeding (from the same passage). [3H]-alanine
(1 �mol/L to 5 mmol/L) uptake rates were measured and the
data were corrected for the nonsaturable component that re-
mained in the presence of 5 mmol/L unlabeled alanine. Re-
gression analysis of the data gave one carrier-mediated com-
ponent.
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protein�1 min�1, P 	 0.01) and differentiated cells
(0.48 � 0.04 nmole protein�1 min�1 vs. 0.38 � 0.02
nmole protein�1 min�1, P 	 0.01). However, the
transport affinity Km was not affected by EGF incu-
bation in both day 3 and day 9 cells (Fig. 7).

Effect of Phorbol Ester on System L 
Alanine Transport

Uptake of alanine (50 �mol/L) was measured in
the Caco-2 cells (day 3 and day 9) after cells had
been incubated in 12-O-tetradecanoyl-phorbol-13-
acetate (TPA; 1 nmol/L to 1 �mol/L) for various pe-
riods of time (minutes to 24 hours). Continued incu-
bation (24 hours) of TPA (0.5 �mol/L) resulted in a
50% increase in alanine uptake (Fig. 8).

DISCUSSION

In the present study we characterized the sodium-
independent alanine transport system in the apical
membrane of Caco-2 cells and regulation of this
transport system under the influence of cell differen-
tiation and luminal growth factor–EGF.

Intestinal absorption of dietary amino acids is the
first step in providing the essential building blocks of
protein synthesis and associated biological components.
Amino acids are absorbed by intestinal epithelium
via discrete transport systems. The transport systems
have been divided into the following three categories:

(1) passive diffusion; (2) sodium-independent carrier-
mediated transport; and (3) sodium-dependent sec-
ondary active transport. In our previous studies we
have characterized the Na�-dependent alanine Sys-
tem B transport systems and regulation.11

Amino acid transport systems are characterized on
the basis of criteria pioneered by Christensen14—
substrate selectivity, sodium dependency, pH sensi-
tivity, amino acid analogue inhibition pattern, and
kinetic analysis. The recent cloning of various amino
acid transporters provides additional tools—for ex-
ample, Northern blot analysis using cloned cDNA
and Western blot analysis using specific antibody—
in studying amino acids transport systems.15–18

Fig. 5. The effect of EFG on system L alanine transport activity.
Uptake of alanine (50 �mol/L) was measured in cells incubated in
EGF (0 to 100 ng/ml) for various periods of time (minutes to 72
hours). Inset, The effect of EGF concentrations on system L ala-
nine transport activity. Uptake of alanine (50 �mol/L) was mea-
sured in cells incubated in EGF (0 to 100 ng/ml) for 48 hours.
*Mean values significantly different from control (P 	 0.05).

Fig. 6. The effect of Act-D, CHX, and CHEL on the EGF-
stimulated system L activity. Uptake of alanine (50 �mol/L)
was measured in cells incubated in EGF (10 ng/ml) � Act-D
(0.5 �mol/L), CHX (10 �mol/L), or CHE (6.6 �mol/L) for
48 hours. *Mean values significantly different from control
(P 	 0.05).

Fig. 7. Eadie-Hofstee plot of system L alanine uptake kinet-
ics. System L alanine (1 �mol/L to 5 mmol/L) uptake was
measured in cells (day 3 and day 9) incubated in medium �
EGF (10 ng/ml) for 48 hours.
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Caco-2 cells undergo spontaneous differentiation
after attaining confluence, and the differentiated epi-
thelium demonstrates characteristics unique to small
intestinal epithelial cells. The Caco-2 cell model has
been widely used as an in vitro small intestinal epi-
thelial model in a variety of nutrient absorption stud-
ies, including amino acid absorption, in our labora-
tory.4,5,11,12

As shown in Fig. 3, there are two transport systems
for the sodium-independent alanine uptake in Caco-2
cells: passive diffusion and a saturable transport system.
The passive permeability coefficient for alanine was the
same measured in both the day 3 and day 9 cells. This
suggested that the Caco-2 cell development did not
alter the membrane permeability to alanine. In other
words, the membrane noncarrier passive diffusion
rates for alanine were the same regardless of differ-
entiation state. Of course, the contribution by passive
diffusion varies with alanine concentrations such that
at [alanine] � 50 �mol/L, the passive uptake contrib-
utes to alanine uptake was minimal (	1% total uptake),
whereas at [alanine] � 5 mmol/L, passive diffusion
contributes more than 90% to total alanine uptake.

The amino acid analogue inhibition pattern of so-
dium-independent alanine uptake was similar for
both the day 3 and day 9 cells. Unlabeled alanine, as-
paragine, glutamine, BCH, cysteine, leucine, serine,
threonine, and phenylalanine each strongly inhibited
radiotracer alanine uptake, whereas AIB, glycine,
and MeAIB partially inhibited alanine uptake (see
Fig. 2). These inhibition patterns strikingly resemble
that of System L, as expressed in a variety of cell
types.19 The lack of cationic amino acid interaction

with alanine uptake operationally precludes a signifi-
cant contribution by System b0,� in our Caco-2 sys-
tem.20 The strong inhibition by BCH rules out the
other major sodium-independent pathway, system
asc.21 System L is a ubiquitous neutral amino acids
transport system that is present in many tissues.22

Despite its ubiquitous presence, System L has not
been cloned from Caco-2 cells, thus impeding a
more complete understanding of its regulation.

The System L alanine uptake in Caco-2 cells de-
creased as cells aged, suggesting that the System L
transport activity is regulated by cell age and differ-
entiation states. The same inhibition pattern of ala-
nine transport observed in both day 3 (see Fig. 2) and
day 9 cells suggests that the same System L exists in
both states. As shown in Fig. 4, the System L activity
changes between the two states was due to a decrease
of Vmax in differentiated state (1.85 � 0.25 nmole mg
protein�1 min�1 in day 3 cells vs. 0.38 � 0.02 nmole
mg protein�1 min�1 in day 9 cells), whereas the
transport affinity Km was virtually unchanged. These
kinetic parameters strongly indicate that the transport
activity difference between day 3 and day 9 cells rep-
resents the changes in the numbers of functional
transport units that are present at the membrane.
Further studies, such as Western blotting with the
use of specific anti–System L antibody when it be-
came available, will be needed.

Peptide growth factor EGF, which is normally
present in the intestinal lumen and in circulation, has
been shown to regulate epithelial cell growth, prolif-
eration, and differentiation.6,7 EGF has also been
shown to promote intestinal protein synthesis and
mucosal repair.21 Intestinal luminal EGF can either
from endogenous sources such as submandibular
glands and intestinal jejunal mucosa6,7,9 or an exoge-
nous source such as milk.9 EGF elicits its functions
through binding to the same EGF receptor, a ty-
rosine kinase in the plasmic membrane, which regu-
lates many biological activities. The EGF receptor
then activates phospholipase, mitogen-activated pro-
tein kinase, lipoprotein I, c-erbB-2, and phosphoi-
nositol-3 kinase.23–26 In our previous studies we have
shown that EGF stimulates sodium-dependent ala-
nine and sodium-independent arginine uptake via in-
tracellular protein kinase C activation.11,12

EGF elicits its biological activities through two
classes of mechanisms: an acute phase (in minutes)
and a chronic phase (hours). The acute phase involves
intracellular phosphorylation to elicit rapid responses.
On the other hand, the chronic phase normally in-
volves intracellular cascade and intracellular protein
synthesis to elicit slow but sustained responses.27

During the continuous incubation of EGF, the incu-
bation medium was changed every 6 hours to ensure

Fig. 8. Effect of phorbol ester on alanine transport activity.
Uptake of alanine (50 �mol/L) was measured in cells incu-
bated in 12-O-tetradecanoyl-13-acetate (TPA; 6.6 �mol/L)
for up to 24 hours. Inset, the TPA dose-response curve.
*Mean values significantly different from control (P 	 0.05).
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a consistent EGF exposure and minimize the possi-
bility that involvement of the paracrine effect may be
associated with EGF exposure. As shown in Fig. 5,
prolonged EGF exposure stimulated System L activ-
ity in a time- and dose-dependent manner in day 3
cells. Similar results were observed in day 9 Caco-2
cells. More than 30 hours of continuous incubation
was required for EGF to elicit the stimulatory effect,
suggesting that EGF-induced alanine transport stim-
ulation participates in the chronic phase of EGF ac-
tivity rather than triggering an acute effect.

Act-D or CHX in the incubation medium each
blocked the EGF-induced alanine uptake, indicating
the possible involvement of transcription and de novo
protein synthesis. The protein kinase C inhibitor
CHEL blocked the EGF-induced alanine uptake and
the direct activation of protein kinase C by phorbol
ester–stimulated alanine uptake, thereby demonstrat-
ing the involvement of protein kinase C in signaling
events associated with System L induction in Caco-2
cells. Kinetic analyses of System L activity showed
that EGF stimulated the transport maximal capacity
Vmax without affecting the apparent Km. These data
indicate that EGF stimulates alanine uptake by in-
creasing functional copies of System L transport
units rather than modifying transport affinity. Since
a System L probe is currently not available, it is un-
clear whether the observed increase in transport ac-
tivity Vmax reflects de novo protein synthesis of a
transporter protein itself or another regulatory pro-
tein.

In summary, sodium-independent alanine uptake in
Caco-2 apical membrane occurs via saturable transport
System L plus passive diffusion in both the undifferen-
tiated and differentiated states. Furthermore, cell dif-
ferentiation results in a decrease in System L activity.
EGF stimulates the System L alanine membrane trans-
port capacity in both undifferentiated and differentiated
states, likely by increasing the transporter functional
units of the copies rather than modifying transporter
affinity. Finally, signaling pathways leading to activa-
tion of System L likely involve protein kinase C.

REFERENCES

1. Stevens BR. Amino acid transport in intestine. In Kilberg MS,
Häussinger D, eds. Mammalian Amino Acid Transport Mech-
anisms and Control. New York: Plenum, 1992, pp 149–163.

2. Hidalgo IJ, Raub TJ, Borchardt RT. Characterization of
the human colon carcinoma cell line (Caco-2) as a model
system for intestinal epithelial permeability. Gastroenterol-
ogy 1989;96:736–749.

3. Mohrmann IM, Mohrmann J, Biber H, Murer H. Sodium-
dependent transport of Pi by an established intestinal epi-
thelial cell line (Caco-2). Am J Physiol 1986;250:323–330.

4. Blais A, Bissonnette P, Berteloot A. Common characteris-

tics for Na�-dependent sugar transport in Caco-2 cells and
human fetal colon. J Membrane Biol 1987;99:113–125.

5. Brandsch M, Miyamoto Y, Ganapathy Y, Leibach FH. Ex-
pression and protein kinase C-dependent regulation of pep-
tide/H� cotransport system in the Caco-2 human colon car-
cinoma cell line. Biochem J 1994;299:253–260.

6. Carpenter G, Cohen S. Epidermal growth factor. J Biol
Chem 1990;265:7709–7712.

7. Hernandez-Sotomayor SMT, Carpenter G. Epidermal
growth factor receptor: Elements of intracellular communi-
cation. J Membrane Biol 1992;128:81–89.

8. Thompson JF. Specific receptors for epidermal growth fac-
tor in rat intestinal microvillus membranes. Am J Physiol
1988;254:429–435.

9. Britton JR, George-Nascimento C, Udall JN, Koldovsky O.
Minimal hydrolysis of epidermal growth factor by gastric
fluid of preterm infants. Gut 1989;30:327–332.

10. Podolsky DK. Healing the epithelium: Solving the problem
from two sides. J Gastroenterol 1997;32:122–126.

11. Pan M, Stevens BR. Differentiation- and protein kinase
C-dependent regulation of alanine transport via system B.
J Biol Chem 1995;270:3582–3587.

12. Pan M, Stevens BR. Protein kinase C-dependent regulation
of L-arginine transport activity in Caco-2 intestinal cells.
Biochim Biophys Acta 1995;1239:27–32.

13. Pan M, Malandro M, Stevens BR. Regulation of system y�
arginine transport capacity in differentiating human intesti-
nal Caco-2 cells. Am J Physiol 1995;268:578–585.

14. Christensen HN. Role of amino acid transport and counter-
transport in nutrition and metabolism. Physiol Rev 1990;
70:43–77.

15. Wang H, Kavanaugh MP, North RA, Kabat D. Cell-surface
receptor for ecotopic murine retroviruses is a basic amino-
acid transporter. Nature 1991;352:729–731.

16. Rajan DP, Huang W, Kekuda R, George RL, Wang J,
Conway SJ, Devoe LD, Leibach FH, Prasad PD, Ganapa-
thy V. Differential influence of the 4F2 heavy chain and the
protein related to b(0,�) amino acid transport on substrate
affinity of the heteromeric b(0,�) amino acid transporter.
J Biol Chem 2000;275:14331–4335.

17. Sugawara M, Nakanishi T, Fei YJ, Huang W, Ganapathy ME,
Leibach FH, Ganapathy V. Cloning of an amino acid trans-
porter with functional characteristics and tissue expression
pattern identical to that of system A. J Biol Chem 2000;
275:16473–16477.

18. Gu S, Roderick HL, Camacho P, Jiang JX. Identification and
characterization of an amino acid transporter expressed differ-
entially in liver. Proc Natl Acad Sci U S A 2000;97:3230–3235.

19. Stevens BR, Ross HJ, Wright EM. Multiple transport path-
ways for neutral amino acids in rabbit jejunal brush border
vesicles. J Membrane Biol 1982;66:213–225.

20. Van Winkle LJ, Campione AL, Gorman JM. Na�-independent
transport of basic and zwitterionic amino acids in mouse blasto-
cysts by a shared system and by processes which distinguish be-
tween these substrates. J Biol Chem 1988;263:3150–3163.

21. Kilberg MS, Handlogten ME, Christensen HN. Character-
istics of an amino acid transport system in rat liver for gluta-
mine, asparagine, histidine, and closely related analogs. J
Biol Chem 1980;255:4011–4019.

22. Betran J, Testar X, Zorzano A, Palacin M. A new age for
mammalian plasma membrane amino acid transporters.
Cell Physiol Biochem 1994;4:217–241.

23. Margolis B, Rhee SG, Felder S, Mervic M, Lyall R, Levitzki A,
Ullrich A, Zilberstein A, Schlessinger J. EGF induces tyrosine
phosphorylation of phospholipase C-II: A potential mecha-
nism for EGF receptor signaling. Cell 1989;57:1101–1107.



Vol. 6, No. 3
2002 Caco–2 System L Alanine Transport 417

24. Ellis C, Moran M, McCormick F, Pawson T. Phosphoryla-
tion of GAP and GAP-associated proteins by transforming
and mitogenic tyrosine kinases. Nature 1990;343:377–381.

25. Akiyama T, SaitoT, Ogawara H, Toyoshima K, Yamamoto T.
Tumor promoter and epidermal growth factor stimulate phos-
phorylation of the c-erbB-2 gene product in MKN-7 human
adenocarcinoma cells. Mol Cell Biol 1988;8:1019–1026.

26. Fain JN. Regulation of phosphoinositide-specific phospho-
lipase C. Biochim Biophys Acta 1990;1053:81–88.

27. Carpenter G, Soler C, Baulida J, Beguinot L, Sorkin A. In-
teraction of signaling and trafficking proteins with the car-
boxyterminus of the epidermal growth factor receptor. Ann
N Y Acad Sci 1995;766:44–51.



 

© 2002 The Society for Surgery of the Alimentary Tract, Inc. 1091-255X/02/$—see front matter
Published by Elsevier Science Inc. PII: S1091-255X(02)00006-9

 

418

 

Differential Adrenergic Response to Extrinsic 
Denervation in Canine Longitudinal Jejunal 
and Ileal Smooth Muscle
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Karen D. Libsch, M.D., Roland Seiler, B.S., Toshiyuki Tanaka, M.D., 
Michael G. Sarr, M.D.

 

Early postoperative complications after small bowel transplantation (SBT) are likely mediated, at least in
part, by dysmotility caused by the obligate disruption of extrinsic and enteric nerves in the graft. Adrener-
gic hypersensitivity of gut smooth muscle has been observed in some (but not all) segments of intestine in
various experimental models of SBT, highlighting regional and species variability in response to denerva-
tion. Little is known about changes in canine longitudinal muscle after extrinsic denervation. Six dogs
each underwent either complete extrinsic denervation of the jejunoileum or a control operation (transec-
tion and reanastomosis of the proximal jejunum and distal ileum). In vitro contractile response of longitu-
dinal muscle strips to norepinephrine was evaluated at the time of the operation, and 2 weeks and 8 weeks
later. After extrinsic denervation, the jejunal response to norepinephrine was preserved at all time points;
however, the ileum displayed a decreased sensitivity to norepinephrine, an effect unmasked after intramu-
ral neural blockade with tetrodotoxin. These data support a potential for neurally mediated dysmotility
after SBT and reinforce the differences in responses to extrinsic denervation between species, as well as
differences within different regions and between anatomic segments of small intestine in the same spe-
cies. ( J G
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Small bowel transplantation (SBT) has become a
clinical reality, offering lifesaving therapy to select
patients with short bowel syndrome.

 

1

 

 Recent ad-
vances in immunosuppression have dramatically im-
proved long-term clinical outcomes; however, diarrhea
and intolerance of enteral feeding remain trouble-
some complications in the early postoperative period.

 

2

 

Although these complications are poorly understood
and likely multifactorial, both clinical and experi-
mental studies have demonstrated alterations in mo-
tility after SBT that likely play a primary role in their
genesis.

 

3–8

 

 Attempts to elucidate the mechanism(s) of
these complications have been hampered by the
complexity of the enteric nervous system, as well as
by the numerous regional and species differences in
intestinal contractility. In addition to having differ-

ent structural and contractile characteristics, the dif-
ferent segments and layers of the small bowel (i.e.,
jejunum vs. ileum; circular smooth muscle vs. longi-
tudinal smooth muscle) receive variable extrinsic and
enteric neural input and may respond differently to
denervation.

 

9–13

 

 Further confounding this issue is the
observation that the same neurotransmitter may
cause a markedly different response in various re-
gions of the small bowel. The adrenergic neu-
rotransmitter norepinephrine (NE), for example,
generally causes relaxation of enteric smooth muscu-
lature and inhibition of contractile activity. In the
canine circular and equine longitudinal smooth mus-
cle of the small bowel, however, NE acts as an exci-
tatory agent, causing a predominantly contractile re-
sponse.

 

14,15
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The role of extrinsic neural input in modulating
intestinal contractility is also an important consider-
ation because SBT necessitates extrinsic denervation.
Animal models of extrinsic denervation and SBT
have revealed a marked adrenergic hypersensitivity
in the canine circular smooth muscle of the jejunum
and ileum,

 

14,16

 

 as well as the circular and longitudinal
smooth muscle of the rat ileum, but not in the rat je-
junum.

 

17–20

 

 The effects of extrinsic denervation on
contractile activity of longitudinal smooth muscle in
the canine small intestine are unknown.

These experiments were therefore designed to
evaluate changes in adrenergic sensitivity in longitu-
dinal smooth muscle of the canine jejunum and il-
eum, in a large animal model of SBT, focusing spe-
cifically on the effects of extrinsic denervation. Our
hypothesis was that extrinsic denervation would cause
an increase in adrenergic sensitivity in the longitudi-
nal musculature of the canine small bowel similar to
that observed in canine circular smooth muscle.

 

METHODS

 

Surgical procedures, subsequent care of animals,
and conduct of experiments received approval from
and were carried out according to criteria set forth
by the Animal Care Committee of the Mayo Clinic
Foundation and in accordance with guidelines of the
National Institutes of Health and the United States
Public Health Service policy on the humane use and
care of laboratory animals.

 

Preparation of Animals

 

Twelve healthy female mongrel dogs (15 to 24 kg)
were randomized into two groups. A control group of
six dogs underwent celiotomy with selective transection
and end-to-end reanastomosis of the proximal jejunum
and distal ileum (without disruption of the mesentery)
to control for the effects of anesthesia, celiotomy, and
disruption of enteric neural continuity to the je-
junoileum. The other six dogs underwent complete
extrinsic denervation of the jejunoileum by a previ-
ously described model of in situ neural isolation of
the entire jejunoileum.

 

3

 

 Briefly, after induction of
anesthesia with 12 mg/kg intravenous methohexital
sodium and maintenance of anesthesia with inhaled
1.5% isoflurane, the peritoneum was accessed via a
midline celiotomy. The small intestine was transected
3 cm distal to the ligament of Treitz and 3 cm proxi-
mal to the ileocecal junction, disrupting continuity
of the enteric nervous system and ensuring division of
any extrinsic nerve fibers traveling within the wall of
the bowel. The jejunoileal mesentery was then di-

vided in radial fashion from the sites of intestinal
transection back to the base of the small bowel mesen-
tery at the origin of the superior mesenteric vessels.
All extrinsic nerves and lymphatics traveling to the je-
junoileum were carefully divided. In addition, the su-
perior mesenteric artery and vein were stripped of in-
vesting adventitia for a length of 2 cm, including all
perivascular neural tissue, under optical magnification.
Enteric continuity was reestablished by hand-sewn,
end-to-end anastomoses proximally and distally. This
model has been validated to ensure complete extrinsic
denervation of the jejunoileum

 

3

 

 while specifically
avoiding confounding factors that may affect contrac-
tile activity such as ischemia/reperfusion and immuno-
logic effects (which would be necessitated by models
of transplantation).

Full-thickness samples of proximal jejunum and
distal ileum were obtained for study at the time of
the initial operation (0 weeks), and at 2 weeks and 8
weeks postoperatively. At 0 weeks and 8 weeks, 2 cm
segments of bowel were excised; 2 weeks after the
initial operation, a minilaparotomy was performed
and noncircumferential full-thickness jejunal and il-
eal biopsy samples were excised from the antimesen-
teric side of the bowel. Samples taken at the 2-week
and 8-week time points were excised 10 cm (distally
in jejunum and proximally in ileum) from the points
of anastomosis or prior biopsy, respectively.

 

Experimental Protocol

 

Tissue biopsy samples were placed immediately in
preoxygenated, iced Krebs buffer (in mEq/L or
mmol/L) as follows: NaCl, 118.3; KCl, 4.7; CaCl

 

2

 

,
2.5; MgSO

 

4

 

, 1.2; KH

 

2

 

 PO

 

4

 

, 1.2; calcium disodium
edetate, 0.26; and glucose, 11.1 and transported to
the laboratory. Working in a Petri dish with oxygen-
ated Krebs buffer, the mucosa was excised sharply,
and 2 

 

�

 

 10 mm full-thickness muscle strips were cut
in the orientation of the longitudinal muscle. The
circular smooth muscle was deliberately left intact to
ensure preservation of the myenteric nerve plexus.
Muscle strips were suspended in separate 10 ml glass
tissue chambers filled with Krebs buffer and main-
tained at 37

 

�

 

 C with a mixture of 95% O

 

2

 

 and 5%
CO

 

2

 

 bubbled continuously throughout the experi-
ments. A 5-0 suture was used to attach muscle strips
to a fixed hook at the bottom and to a force trans-
ducer (Kulite Semiconductor Products, Inc., Leonia,
New Jersey) at the top of the chamber. This setup al-
lowed isometric measurement of contractile force in
the longitudinal direction. Because of the relatively
small amount of circular muscle and the fact that it
contracts perpendicularly to the longitudinal orien-
tation of the muscle strips, contribution of circular
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muscle contractions to the measured force should be
negligible. Buffer was exchanged three times at 15-
minute intervals, and the muscle strips were then al-
lowed to equilibrate for 90 minutes. Strips were then
incrementally stretched to optimal length (defined as
the point past which further stretching produced no
additional increase in amplitude or frequency of con-
traction) and maintained at this length for the dura-
tion of the experiments.

Adrenergic contractile response was evaluated by
the cumulative addition of increasing doses of NE
(10

 

�

 

8

 

 to 10

 

�

 

6

 

 mol/L). To eliminate enteric neural in-
put and to test the effect of NE directly on jejunal
and ileal smooth muscle, baseline conditions were
reestablished, and the dose-response curves were re-
constructed in the presence of 10

 

�

 

6

 

 mol/L tetrodo-
toxin (TTX), a sodium channel blocker that inhib-
ited any effects mediated by enteric (intrinsic) nerves
within the muscle strip (i.e., myenteric neural plexus).
Pilot studies demonstrated that this dosage of TTX
inhibits the contractile response of longitudinal mus-
cle strips to electric field stimulation, effects known
to be mediated by the intramural nerves. At the con-
clusion of the experiments, muscle strips were blot-
ted dry, and individual weights were recorded for stan-
dardization. All chemicals were obtained from Sigma
Corporation, St. Louis, MO.

 

Data Analysis/Statistics

 

Contractile activity from the strain gauges was re-
corded simultaneously on a computerized data col-
lection system (AcqKnowledge 3.2, BIOPAC Systems,
Inc., Goleta, CA) and a Grass polygraph recorder
(Grass Instruments, Quincy, MA) for visual inspection.
Total area under the contractile curve was measured
using specifically modified software and expressed in
grams of force over 5 minutes, standardized per mil-
ligram of tissue wet weight. For statistical compari-
son of the effects of NE between groups, the dosage
of NE needed to achieve 50% of baseline contractile
activity (ED

 

50

 

) was calculated. Simple and repeated-
measures analysis of variance and paired or non-
paired Student’s 

 

t

 

 test (with Bonferroni correction)
were applied where appropriate when comparing
changes within and between groups. 

 

P

 

 

 

�

 

 0.05 was
accepted as statistically significant. Data are pre-
sented as mean 

 

�

 

 standard error of the mean unless
otherwise specified.

 

RESULTS
General Health

 

Dogs remained healthy and maintained good ap-
petites throughout the course of the experiments.

During the first 2 weeks after surgery, animals lost
an average of 4% to 6% of their body weight; most
dogs regained the weight thereafter. During the im-
mediate postoperative period, animals that had un-
dergone extrinsic denervation had explosive, watery
diarrhea, which gradually resolved to loosely formed
stools over the ensuing 2 to 3 weeks. At the time of
both minilaparotomy and death (2 weeks and 8 weeks
later, respectively), the bowels of all dogs appeared
grossly normal with no evidence of functional or me-
chanical obstruction.

 

Baseline Contractile Activity

 

Jejunum. 

 

Jejunal muscle strips demonstrated reg-
ular spontaneous contractile activity at a frequency
of 9.3 

 

�

 

 0.2 contractions per minute (Fig. 1, 

 

A

 

). No
differences in spontaneous contractile activity were
observed between time points (0, 2, or 8 weeks) in ei-
ther the control (

 

P

 

 

 

�

 

 0.1) or extrinsically denervated
(

 

P

 

 

 

�

 

 0.5) groups (Table 1). Extrinsic denervation did
not alter baseline contractile activity when compared
to values in time-matched control dogs (

 

P

 

 

 

�

 

 0.9).
Baseline contractile activity of the jejunum was sub-
jectively noted to be more labile than that of the ileum,
varying both in frequency and amplitude of contrac-
tions; indeed there was significantly less spontaneous
contractile activity in the jejunum compared to the
ileum (

 

P

 

 

 

�

 

 0.006).

 

Ileum. 

 

Ileal muscle strips also demonstrated regu-
lar spontaneous contractile activity at a lower fre-
quency than that used for the jejunal strips (8.5 

 

�

 

 0.2
contractions/min). In contrast to the jejunal strips,
contractile activity in the ileum was more consistent,

Fig. 1. Spontaneous contractile patterns of canine longitudi-
nal smooth muscle strips from (A) jejunum and (B) ileum.
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with little variation in contractile amplitude (Fig. 1, 

 

B

 

).
Similar to what was observed in the jejunum, no dif-
ferences in spontaneous contractile activity were ob-
served at any time point (0, 2, or 8 weeks) within ei-
ther the control (

 

P

 

 

 

�

 

 0.1) or extrinsically denervated
(

 

P

 

 

 

�

 

 0.5) groups, and extrinsic denervation did not
alter spontaneous contractile activity when compared
to values in time-matched control dogs (

 

P

 

 

 

�

 

 0.1) (see
Table 1).

 

Effect of Tetrodotoxin on Basal Contractile 
Activity

 

Jejunum. 

 

Incubation of muscle strips with TTX
(10

 

�

 

6

 

 mol/L) produced a decrease in spontaneous
contractile activity in both control (

 

P

 

 

 

�

 

 0.01) and
denervated (

 

P

 

 

 

�

 

 0.004) dogs (see Table 1). Some
muscle strips also had a decrease in basal tonic force
after incubation with TTX. There were no differ-
ences in the degree of TTX-mediated decrease in
contractile activity at any time point either in control
(

 

P 

 

� 

 

0.1) or denervated (

 

P

 

 

 

�

 

 0.09) dogs.

 

Ileum. 

 

TTX also caused a decrease in ileal spon-
taneous contractile activity in the control (

 

P

 

 

 

�

 

 0.008)
and denervated (

 

P

 

 

 

�

 

 0.002) groups. As in the je-
junum, TTX caused a decrease in basal tonic force in
some ileal muscle strips. No differences in degree of
TTX-mediated decreased contractile activity were
observed between time points in either the control
(

 

P

 

 

 

�

 

 0.2) or denervated (

 

P

 

 

 

�

 

 0.8) groups (see Fig. 2).

 

Effect of Norepinephrine

 

Jejunum. 

 

NE produced a dose-dependent de-
crease in spontaneous contractile activity and at
higher doses a relaxation of basal force in all muscle
strips (Fig. 3). There were no differences in the ED

 

50

 

 of
NE at any of the three time points in the control group,

either in the absence (

 

P

 

 

 

�

 

 0.2) or presence (

 

P

 

 

 

�

 

 0.3)
of TTX (Table 2). Extrinsic denervation did not al-
ter the ED

 

50

 

 of NE; no differences were seen be-
tween control and extrinsically denervated groups at
any time point either in the absence (

 

P

 

 

 

�

 

 0.8) or
presence (

 

P

 

 

 

�

 

 0.5) of TTX. Within the denervated
group, the ED

 

50

 

 of NE did not differ at any of the
three time points either in the absence (

 

P

 

 

 

�

 

 0.6) or
presence (

 

P

 

 

 

�

 

 0.9) of TTX.

 

Ileum. 

 

Similar to jejunal longitudinal smooth mus-
cle, NE caused a dose-dependent decrease in contrac-
tile activity in all ileal muscle strips at all time points,
with higher doses causing a decrease in basal tonic
force. There were no differences in the ED

 

50

 

 of NE at
any time point within the control group either in the
absence (

 

P

 

 

 

�

 

 0.4) or presence (

 

P

 

 

 

�

 

 0.1) of TTX. No
differences in the ED

 

50

 

 were observed between the
control and extrinsically denervated groups either in
the absence (

 

P � 0.1) or presence (P � 0.6) of TTX.
Similarly, there were no differences in the effect of NE
within the denervated group at any time point in the
absence of TTX (P � 0.3). In contrast to jejunal longi-
tudinal smooth muscle, however, the addition of TTX

Table 1. Effect of TTX (10�6 mol/L) on spontaneous contractile activity of canine longitudinal muscle strips
in vitro

Site
Time

postop (wk)

Control Extrinsically denervated

No TTX TTX No TTX TTX

Jejunum 0 9.0 � 1.9 4.5 � 1.3* 10.0 � 1.7 6.7 � 1.5*
2 8.5 � 1.7 5.4 � 1.0* 9.5 � 1.9 6.7 � 0.9*
8 15.6 � 3.8 8.6 � 1.3 12.1 � 1.6 7.5 � 1.0*

Ileum 0 12.9 � 1.7 8.9 � 1.8* 14.9 � 2.0 10.1 � 0.9*
2 17.5 � 1.6 11.9 � 1.5* 14.2 � 1.4 9.3 � 1.5*
8 18.7 � 2.2 12.0 � 1.9* 12.0 � 1.9 8.8 � 1.5*

Values are mean � SEM mg force/5 min/mg tissue weight; n � 6 dogs per group.
*Differs from No TTX group, P � 0.01. No statistical difference was seen at any time point within anatomic segments (jejunum and ileum) or
between control and denervated groups.

Fig. 2. Effect of TTX (10�6 mol/L) on spontaneous contrac-
tile activity of canine longitudinal ileal smooth muscle. TTX
caused a similar effect in the jejunum.
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in the extrinsically denervated group caused a signifi-
cant shift to the right of the dose-response curves (P �
0.005; Fig. 4); in other words, the addition of TTX re-
vealed a decrease in tissue sensitivity to NE.

DISCUSSION

Our study showed that spontaneous contractile
activity of the jejunal longitudinal muscle layer was
qualitatively and quantitatively different from that of
the ileum, although extrinsic denervation did not al-
ter spontaneous contractile activity in either region.
In both the jejunum and ileum, TTX decreased
spontaneous contractile activity, and the adrenergic
agonist NE caused a dose-dependent decrease in
contractile activity. Perhaps the most interesting
finding contradicted our initial hypothesis: extrinsic
denervation did not cause adrenergic hypersensitiv-
ity in the longitudinal smooth muscle of the canine
small intestine. The adrenergic effect was preserved
unchanged in the longitudinal jejunum and, surpris-
ingly, extrinsic denervation caused a decreased sensi-
tivity to the adrenergic agonist NE in the ileal longi-
tudinal smooth muscle when enteric nerves were
blocked with TTX.

Early complications after SBT are likely caused by
a number of different factors including graft is-

chemia-reperfusion injury, disruption of extrinsic and
enteric neural continuity, and immunologic modula-
tion. Our experimental preparation was designed to
directly investigate the effects of extrinsic denerva-
tion while specifically avoiding these other con-
founding factors. Both clinical and animal models of
SBT and extrinsic denervation have demonstrated
that transection of extrinsic nerves and disruption of
enteric neural continuity are at least partially respon-
sible for dysmotility.3–5 Indeed, our subjective obser-
vation of severe diarrhea in the group of dogs under-
going extrinsic denervation (compared to control dogs)
supports this hypothesis.

Both extrinsic denervation and SBT have been
shown experimentally to alter a number of small
bowel neuromediators, including vasoactive intesti-
nal polypeptide, substance P, neuropeptide Y, nitric
oxide, and cholinesterase activity.21–26 Several of our
previous studies have shown a marked adrenergic hy-
persensitivity both in a rat model of isogenic SBT
and in a canine model of extrinsic denervation.14–20

We hypothesized that the adrenergic changes medi-
ated by extrinsic denervation may contribute to the
altered motility seen after SBT. Attempts to dissect
the mechanism(s) of altered small bowel motility are
complicated by differences between species, as well
as by the known regional variability of small bowel
structure, neurotransmitter and receptor population,
and individual neurotransmitter function within the
same species. Adrenergic innervation is no exception.
Extrinsic innervation provides all of the adrenergic
neural input to the small bowel; complete extrinsic
denervation of the gut histologically, and functionally
eliminates adrenergic nerves in the gut.3,27–29 Except
in sphincteric areas, where they are excitatory, adren-
ergic agonists generally act as inhibitory/relaxing
agents throughout the gastrointestinal tract. Notable
exceptions include the canine jejunal and ileal circular
smooth muscle and equine longitudinal ileum, where
adrenergic agonists cause a predominantly excitatory

Fig. 3. Effect of increasing doses of norepinephrine (arrows)
on contractile activity of canine longitudinal ileal smooth
muscle. A similar effect was observed in the jejunum.

Table 2. Effect of NE on canine longitudinal jejunal and ileal smooth muscle in the absence and presence of TTX 
(10�6 mol/L)

Site
Time

postop (wk)

Control Extrinsically denervated

No TTX TTX No TTX TTX

Jejunum 0 7.1 � 0.1 7.1 � 0.1 6.9 � 0.1 7.0 � 0.1
2 6.8 � 0.2 6.8 � 0.1 7.1 � 0.1 6.8 � 0.1
8 6.9 � 0.1 6.7 � 0.4 7.1 � 0.1 6.6 � 0.2

Ileum 0 6.8 � 0.1 6.5 � 0.1 6.8 � 0.1 6.6 � 0.1*
2 7.0 � 0.1 6.9 � 0.2 7.1 � 0.1 6.7 � 0.1*
8 6.8 � 0.1 6.8 � 0.1 7.0 � 0.2 6.7 � 0.2*

Values are ED50 of NE, mean � SEM; n � 6 dogs per group.
*Differs from No TTX group, P � 0.05.
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effect.14–16 Similarly, the population of adrenergic re-
ceptors is variable between species and in different
regions of the small bowel. In a number of species
(including dogs), alpha-adrenergic receptors are pri-
marily located in presynaptic neurons of the enteric
nervous system where they modulate release of ace-
tylcholine.30,31 Beta-adrenergic receptors are princi-
pally located on the smooth muscle cell membrane
and cause relaxation of the smooth muscle directly via a
G-protein/adenylyl cyclase–mediated second-messen-
ger cascade.30,31 Some evidence supports the location of
presynaptic, myenteric beta-adrenergic receptors in the
dog; however, the functional significance of these re-
ceptors is unclear.32

Given the structural and functional differences in
various smooth muscle layers and regions of the
small bowel, it was not surprising to find that base-
line contractile activity in the longitudinal smooth
muscle of the jejunum and ileum were qualitatively
and quantitatively different. Although the frequency
of spontaneous contractions was less in the ileum,
contractile activity (measured as area under the con-
tractile curve) was greater, and the contractile pat-
tern and amplitude of contractions were generally
more regular. In contrast, contractions in the longi-
tudinal jejunum were more irregular and more labile
(taking longer to recover after incubation with neu-
romediators or after washing the muscle strips). Ex-
trinsic denervation did not alter the pattern or quan-
tification of basal contractile activity in either the
jejunum or ileum. Extrinsic denervation has previ-
ously been shown to decrease basal contractile activ-
ity in canine circular jejunum33 but did not alter
baseline contractile activity in the canine ileal circu-

lar smooth muscle.16 These findings exemplify the
differential response of various intestinal segments to
extrinsic denervation.

Exogenous NE dose dependently decreased con-
tractile activity in longitudinal muscle of both the je-
junum and ileum. Although this is in accordance
with adrenergic effects in many other areas of the
gastrointestinal tract, it is in striking contrast to the
adjacent circular muscle layers of the dog jejunum
and ileum, where exogenous NE had an overall pro-
contractile effect.14,16 Longitudinal and circular mus-
cle layers act in concert, and when circular muscle
contracts, longitudinal muscle elongates (relaxes).34

Although the mechanisms of longitudinal and circu-
lar synergistic interaction remain poorly understood
and may well be mediated by different neurotrans-
mitters, it is interesting to speculate that the variable
response of circular and longitudinal muscle layers to
NE may be secondary to differing populations of
adrenergic receptors on the different muscle layers.
Indeed Coupar and Liu,10 in a unique experimental
preparation designed to concurrently measure longi-
tudinal and circular muscle contractions in an in situ
segment of small bowel, demonstrated that alpha-
adrenergic antagonists blocked cholinergic contrac-
tions induced by electrical field stimulation to much
different degrees in circular and longitudinal smooth
muscle, suggesting that variable populations of adren-
ergic receptors on circular and longitudinal smooth
muscle layers translate to functional differences in con-
tractile effect.

In many species, including the dog, presynaptic
alpha-adrenergic receptors modulate release of ace-
tylcholine from enteric nerves.30 Thus, to evaluate

Fig. 4. Dose-response curves to NE in the longitudinal ileum of extrinsically denervated dogs without (hatched
lines) and with (solid lines) TTX (10�6 mol/L). Mean of 6, SEM all � 15%; variance omitted for clarity.
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the effects of NE directly on the longitudinal smooth
muscle, we used the sodium channel nerve blocker
TTX to eliminate enteric neural input. Incubation of
muscle strips with TTX decreased spontaneous con-
tractile activity in both jejunum and ileum, which is a
particularly interesting finding when contrasted to
our previous study of canine jejunal and ileal circular
smooth muscle, where enteric neural blockade by
TTX caused an increase in basal contractile activ-
ity.14,16 The fact that this TTX-mediated effect was
not altered by extrinsic denervation suggests an al-
teration of tonic enteric neural input (as opposed to
an alteration in tonic extrinsic neural input), and
again highlights the differences in enteric input in
adjacent layers of smooth muscle translating to func-
tional differences in the contractile effect of adjacent
smooth muscle layers. Although controversial, sev-
eral investigators have reported a tonic adrenergic
tone in the small bowel.31,35,36 The tonic enteric neu-
ral regulation observed in our experiments may be
caused by any of a number of neuromediators, such
as cholinergic or nonadrenergic/noncholinergic me-
diators, or even by changes in presynaptic adrenergic
receptor density or function. Further experiments
are necessary to discern whether our findings repre-
sent a tonic excitatory neural input to the longitudi-
nal smooth muscle or an inhibition of a tonic inhibi-
tory stimulus.

Adrenergic hypersensitivity after extrinsic dener-
vation and SBT has been observed in various experi-
mental models. Thus, despite known interspecies
and regional variability in response to denervation,
we were surprised to find that we had disproved our
primary hypothesis. Extrinsic denervation did not
change the adrenergic response in the jejunal longi-
tudinal smooth muscle layer, and interestingly caused
a decrease in ileal longitudinal smooth muscle sensi-
tivity to NE after enteric neural blockade with TTX.
It is possible that this change in ileal longitudinal
smooth muscle sensitivity to NE is mediated by
changes in presynaptic myenteric adrenergic recep-
tor number or function, or alternatively by changes
at the level of the smooth muscle itself. Further ex-
periments will be necessary to fully elucidate these
pathways. These findings again highlight the rather
dramatic regional differences in small bowel re-
sponse to denervation.

In summary, this study showed variable contrac-
tile patterns in longitudinal smooth muscle of the ca-
nine jejunum and ileum, an adrenergic-mediated de-
crease in contractile activity in both the jejunum and
ileum, and a decrease in basal contractile activity af-
ter blockade of enteric nerves with TTX, suggesting
a role for tonic enteric neural modulation of longitu-
dinal smooth muscle contractile activity. The adren-

ergic response in the jejunum was preserved after ex-
trinsic denervation, whereas a decrease in adrenergic
sensitivity in the ileum was uncovered by intrinsic
neural blockade. These findings differ dramatically
from those in similar experiments performed previ-
ously in canine circular jejunal and ileal smooth muscle.
Adrenergic contractile mechanisms in canine longi-
tudinal muscle of the canine jejunum and ileum are
unique and differ markedly from those seen in adja-
cent circular muscle of the canine jejunum and ileum.
These findings highlight the intraspecies regional
variability of contractile function and responses to
extrinsic denervation in the small bowel, and empha-
size the need for a thorough study to fully under-
stand enteric denervation and transplant physiology.

We thank Deborah Frank for her invaluable help in preparing this
manuscript.
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Tumor staging in patients with a malignant obstruction of the proximal bile duct is focused on selecting
patients who could benefit from a resection. Diagnostic laparoscopy, which has proved its value in several
gastrointestinal malignancies, has been used routinely at our hospital since 1993 in patients with a malig-
nant obstruction of the proximal bile duct, although data in the literature with regard to its additional
value are conflicting. Therefore the diagnostic accuracy of diagnostic laparoscopy in patients with malig-
nant proximal bile duct obstruction was evaluated. From January 1993 to May 2000, diagnostic laparos-
copy was performed in 110 patients (61 males and 49 females), with a mean age of 60 years (range 30 to
80 years), who had a suspected malignant proximal bile duct tumor and in whom “potential resectability”
was demonstrated by means of conventional radiologic staging methods (i.e., ultrasound combined with
Doppler imaging, CT, endoscopic retrograde cholangiopancreatography, and percutaneous transhepatic
cholangiography). Laparoscopy revealed histologically proved incurable disease in 44 (41%) of the 110
patients (31 with metastases and 13 with extensive tumor ingrowth). Laparoscopic ultrasound imaging,
however, revealed histologically proved incurable disease in one patient (1%), thereby preventing explor-
atory laparotomy in 46 because these patients had already been treated by palliative endoscopic stent
placement. The remaining 65 patients were staged as having a resectable tumor and underwent surgical
exploration. Thirty patients had an unresectable tumor (distant metastases in five; tumor ingrowth in sur-
rounding tissues in 24) or benign disease (one patient). Sensitivity and negative predictive value of diag-
nostic laparoscopy for detecting unresectable disease were 60% and 52%, respectively. Diagnostic lap-
aroscopy avoided unnecessary laparotomy in 41% of patients with a malignant proximal bile duct
obstruction considered resectable according to conventional imaging studies. The additional value of lap-
aroscopic ultrasound was limited. Therefore diagnostic laparoscopy should be performed routinely in the
workup of patients with a potentially resectable proximal bile duct tumor. ( J G
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A “malignant” proximal bile duct obstruction can
be caused by a proximal bile duct carcinoma or a
gallbladder carcinoma infiltrating the liver hilus. In
general, a gallbladder carcinoma is easily recognized.
However, in a small subgroup of patients, differenti-
ation between a cholangiocarcinoma and a gallblad-
der carcinoma with infiltration into the proximal bile
ducts, metastasis from another tumor, or even a be-
nign lesion is not always possible. Despite the evolu-
tion of radiologic imaging techniques, such as ultra-
sound combined with Doppler imaging, endoscopic

retrograde cholangiopancreatography (ERCP), en-
hanced CT, and magnetic resonance imaging, in the
selection of patients suitable for tumor resection, all
imaging modalities have their limitations in detect-
ing small superficial liver metastases and peritoneal
tumor deposits or tumor ingrowth into the hepa-
toduodenal ligament and/or adjacent vascular struc-
tures. Therefore the surgeon dealing with malignant
proximal bile duct obstruction is often faced with a
significant discrepancy between the findings on pre-
operative investigations and those apparent at the
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time of laparotomy.

 

1,2

 

 Improvement in preoperative
staging is mandatory to improve the assessment of
tumor stage and to avoid an unnecessary laparotomy
when palliation can be achieved by means of endo-
scopic or percutaneous placement of a biliary en-
doprosthesis.

 

3,4

 

 During the past decade, nonsurgical
palliation has been the procedure of choice at our in-
stitution, whereas others favor a surgical approach.

 

5,6

 

The additional value of diagnostic laparoscopy in
the preoperative staging of gastrointestinal malig-
nancies has previously been reported.

 

7–11

 

 Small su-
perficial liver metastases and peritoneal tumor de-
posits or local ingrowth can be detected and biopsies
done under direct vision.

 

7,12,13

 

 Laparoscopic ultra-
sound allows inspection of local tumor invasion in
patients with vascular and regional nodal involve-
ment and distant metastatic spread to the liver.
However, histologic confirmation of these findings
can be difficult to obtain.

 

14,15

 

Information on the additional value of diagnostic
laparoscopy for malignant proximal bile duct ob-
struction is limited. In a pilot study at our institution,
incurable disease was diagnosed in 40% of patients
by means of diagnostic laparoscopy.

 

16

 

 Because data
in the literature are conflicting, we decided to evalu-
ate the usefulness of diagnostic laparoscopy and lap-
aroscopic ultrasound imaging in predicting resect-
ability in 110 consecutive patients with a malignant
proximal bile duct obstruction who were judged to
have resectable disease after standard radiologic
staging. The accuracy of laparoscopic staging in de-
tecting unresectable disease and preventing unneces-
sary surgical exploration was studied.

 

PATIENTS AND METHODS

 

Between January 1993 and May 2000, diagnostic
laparoscopy was performed in 110 consecutive pa-
tients at the Academic Medical Center, Amsterdam,
The Netherlands, who were found to have obstruc-
tive jaundice due to a proximal bile duct obstruction
after radiologic staging demonstrated a suspected
bile duct malignancy without distant metastases. The
diagnostic workup consisted of a transabdominal ul-
trasound examination combined with Doppler im-
aging. ERCP was performed in most patients with
obstructive jaundice, and at least one endoprosthesis
was placed if possible. Before 1995 conventional CT
scanning was performed, and after 1995 spiral CT
scanning was used. Magnetic resonance cholangio-
pancreatography and endoscopic ultrasound were
only performed in a select group of patients in whom
controversy remained regarding the intrahepatic seg-
mental tumor growth after radiologic staging, because

the value of these investigations in predicting the re-
sectability of these tumors has not been proved. Pa-
tients were classified according to the Bismuth-Cor-
lette classification into types I to IV.

 

17

 

Diagnostic laparoscopy was performed under
general anesthesia as previously described.

 

15,18

 

 In
short, a CO

 

2

 

 pneumoperitoneum was induced and,
with the use of three 10 to 11 mm trocars (umbilical,
and left and right subcostal), the abdominal cavity
was explored to determine the type of tumor (i.e.,
cancer of the gallbladder or cholangiocarcinoma)
and assess each patient for the presence of peritoneal
or hepatic deposits and for extensive malignant infil-
tration of the hepatoduodenal ligament. Dissection
of the hepatoduodenal ligament and elevation of the
hilar plate were not performed. If no histologically
proved distant metastases or tumor ingrowth into
the hepatoduodenal ligament was found, laparo-
scopic ultrasound imaging was performed. A 7.5
MHz linear-array ultrasound probe (UST5522-7.5;
Aloka Co., Tokyo, Japan) was used to examine the
liver for intrahepatic metastases, to evaluate the por-
tal vein, and to investigate the celiac axis for lymph
node metastases. Biopsy samples of suspected meta-
static lesions were obtained under direct laparo-
scopic vision or by laparoscopic ultrasound guidance
using biopsy forceps or True-cut (Travenol-Baxter
Healthcare Corp., Deerfield, Illinois) and Rostex
(Ursus Konsult AB, Stockholm, Sweden) biopsy nee-
dles. All tumors were restaged after laparoscopy. A
tumor was considered unresectable if metastatic dis-
ease or extrahepatic tumor ingrowth, detected dur-
ing laparoscopy, was proved histologically. In all pa-
tients with a tumor judged to be resectable or in
patients in whom metastatic disease, locoregional tu-
mor ingrowth, or local extensive gallbladder tumor
shown at laparoscopy could not be proved histologi-
cally, an exploratory laparotomy was performed,
preferably within 4 weeks after laparoscopy. Preop-
eratively, external irradiation therapy (3 

 

�

 

 3.5 Gy)
was administered to devitalize detached tumor cells
in the bile, to prevent implantation of seeding me-
tastases as described previously.

 

19,20

 

Patients with an unresectable tumor at laparos-
copy or laparotomy underwent nonsurgical pallia-
tion that included placement of a biliary endopros-
thesis or Wallstent (Schneider Europe AG, Bulack,
Switzerland). In two of these patients with a high risk
of gastric outlet obstruction that was missed on con-
ventional CT scan (before 1997) but discovered at
laparoscopy, gastroenterostomy was performed. When
curative resection was possible, a hilar resection was
performed with or without (extended) hemihepatec-
tomy and almost always included resection of the
caudate lobe.
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RESULTS

 

Diagnostic laparoscopy was performed in 110 pa-
tients (61 men and 49 women, median age 60 years
[range 30 to 80 years]). Laparoscopic ultrasound im-
aging was performed in 74 patients. In the other 36
patients, the procedure was judged to be superfluous
because of evidence of unresectability as diagnosed
by laparoscopy alone.

Diagnostic laparoscopy alone demonstrated histo-
logically proved unresectable disease in 44 patients
(40%): metastasis in 31 patients, locoregional tumor
ingrowth in 10 patients, and unresectable gallbladder
carcinoma in three patients (Table 1). Metastases
were localized at the surface of the liver in 10 pa-
tients, on the peritoneum in 10, on the diaphragm in
eight, and in the omentum in three. In three pa-
tients, laparoscopic inspection was incomplete be-
cause of massive adhesions; these patients were sent
for surgical exploration.

Laparoscopic ultrasound imaging was performed in
74 patients, 12 of whom already had histologically
proved metastases detected on laparoscopy alone.
Among the other 62 patients, metastasis was suspected
in 11 patients and locally extensive disease in eight,
but histologic proof could only be obtained in one pa-
tient. Mean and median operating time for diagnostic
laparoscopy was 60 minutes and ranged from 15 to
145 minutes; approximately half of the time was used
for the laparoscopic ultrasound imaging.

Morbidity was low (3%); postoperative bleeding
requiring repeat laparotomy occurred in two patients
(2%) and one patient (1%) had an allergic reaction to
iodine. No deaths occurred. The median hospital
stay for the laparoscopic procedure was 2 days with a
range of 1 to 11 days.

Patients with tumors considered potentially resect-
able after diagnostic laparoscopy and laparoscopic ul-
trasound imaging (n 

 

�

 

 65) underwent surgical explora-
tion. Unfortunately, in 31 of these patients (46%) the
tumor was not resected because of metastases (n 

 

�

 

 5),
locoregional tumor ingrowth (n 

 

�

 

 21), or locally unre-

sectable gallbladder carcinoma (n 

 

�

 

 3), and in one pa-
tient the resection was not completed because of be-
nign disease (sclerosing cholangitis). Distant metastases
were found in the liver in three patients and in distant
lymph nodes in two (Table 2). In Fig. 1 a flow chart is
presented outlining the results of laparoscopic staging
of 110 patients with a proximal bile duct obstruction.
Eighteen patients with suspicion of (but not histologi-
cally proved) unresectable disease detected at laparo-
scopic ultrasound imaging underwent surgical explora-
tion, and in seven patients (39%) a resection was
performed, that was in 61% microscopically radical.

Of the 30 patients with unresectable disease at
laparotomy, a gastroenterostomy was performed in
two patients and a hepaticojejunostomy in combination
with a gastroenterostomy in one. Of the 35 patients
who underwent a resection, in 15 patients a local hilar
resection was performed and in 20 patients a hilar re-
section with hemihepatectomy was used. In 22 pa-
tients (59%) the resection was microscopically radical.

The median interval between laparoscopy and
laparotomy was 36 days (range 17 to 84 days). The
sensitivity and negative predictive value of diagnostic
laparoscopy for the detection of unresectable disease
were 60% and 52%, respectively.

 

DISCUSSION

 

In this series of 110 consecutive patients, diagnostic
laparoscopy increased the yield of radiologic assess-
ment of distant metastases and locoregional ingrowth
in 41% of the patients. As a result, an unnecessary
exploratory laparotomy could be avoided in these pa-
tients because almost all of them were palliated by
nonsurgical means.

Laparoscopic ultrasound imaging was of limited
additional value in this study. The suspicion of unre-
sectability mainly because of local ingrowth could
only be proved by histologic examination in 1 of 19
patients. The fact that 7 of 18 remaining patients

 

Table 1.

 

 Laparoscopic identification and histological 
proof of unresectable disease

 

Laparoscopy (

 

n

 

 

 

�

 

 110)

 

Metastases
Liver 10
Peritoneum 10
Diaphragm 8
Omentum 3

Loco regional tumor ingrowth 13
Total (avoided laparotomy) 44 (40%)

 

Table 2.

 

 Perioperative identification of unresectable 
disease

 

Metastases (

 

n

 

 

 

�

 

 65)
Liver 3
Lymph nodes 2

Local extensive gallbladder tumor 3
Loco regional tumor ingrowth 21
Benign disease 1

Total unresected 30 (46%)
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could undergo a resection underlines the need for
histologic proof in cases of metastases or local unre-
sectable disease. Furthermore, the inability to obtain
histologic proof of (vascular) ingrowth potentially
accounts for the limited additional value of laparo-
scopic ultrasound.

 

21,22

 

Diagnostic laparoscopy is only useful in patients
who could benefit from nonsurgical palliation be-
cause in these patients it makes sense to avoid an ex-
ploratory laparotomy. At our institution surgical pal-
liation is performed only in select patients and there
were three patients in the present series. Others fa-
vor nonsurgical palliation, although this is associated
with considerable procedure-related morbidity and
mortality and late complications such as obstruction
or cholangitis.

 

5

 

 There is currently insufficient evi-
dence to support the use of one palliative procedure
over the other, and the choice seems to be dependent
on the experience within a particular center.

Some studies show that endoscopic endoprosthe-
sis placement is associated with a high rate of failure
compared to percutaneous placement.

 

23

 

 On the
other hand, percutaneus endoprosthesis placement
can be associated with more complications, and
therefore the endoscopic route is our first choice for
nonsurgical biliary drainage.

In forty-six percent of the patients in the present
series, diagnostic laparoscopy had not detected the
metastasis or extensive tumor ingrowth that was
found during exploratory laparotomy. Patients had
unresectable disease mainly due to lymph node me-
tastases and vascular involvement or extensive biliary
involvement, as has been reported by others.

 

6,24

 

 More
extensive dissection at laparoscopy could have de-
tected one or two of these findings, probably at the
cost of a longer procedure and greater overall risk.
However, some improvement in the yield of laparos-
copy can be obtained, as 5% of the unresectable tu-

mors were due to metastases that could have possibly
been detected at laparoscopy.

In recent years, preoperative radiologic staging
has improved substantially with the introduction of
the spiral CT with 3 mm slides, and endoscopic ul-
trasonography has also shown improvement. These
diagnostic improvements could have led to a higher
detection rate for metastases that were missed in our
series. Consequently a reduction in the additional
value of diagnostic laparoscopy in staging proximal
bile duct malignancies can be expected in the future,
similar to what has been shown for distal bile duct
obstructions caused by periampullary tumors. Dif-
ferentiation between gallbladder and proximal bile
duct carcinoma on radiologic assessment is some-
times difficult. In the present study, before laparos-
copy, there was doubt about the localization of the
tumor in at least 20% of patients.

Because biopsies performed during diagnostic lap-
aroscopy often show false negative benign disease
and increase the chances of seeding metastases, in
the present series no biopsy specimens were taken
from tumors presumed to be resectable. Resection
was performed in 13 patients who turned out to have
benign disease after histopathologic examination of
the resection specimen. In a previous study of 132
resections for presumed proximal bile duct tumor, a
15% false positive rate of malignancy was reported
in patients with a presumed malignant proximal bile
duct obstruction.

 

25

 

At our institution, diagnostic laparoscopy and lap-
arotomy in general are not performed in one session
for logistic reasons. One additional consequence of
not performing diagnostic laparoscopy and laparot-
omy in one session was that the total hospital stay for
those patients who underwent a laparotomy was
longer, because they were eventually admitted a sec-
ond time for the resection. Therefore the potential
financial benefit was not as great as would be possi-
ble if diagnostic laparoscopy and laparotomy were
performed in one session.

In summary, diagnostic laparoscopy without lap-
aroscopic ultrasound is useful in staging patients
with proximal bile duct tumors because in a consid-
erable number of patients an unnecessary laparot-
omy can be avoided since nonsurgical palliation is
available.
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Henry A. Pitt, M.D.

 

 (Milwaukee, WI): The paper by
Tilleman and colleagues concluded that staging laparos-
copy with ultrasonography should be performed routinely
in patients with perihilar cholangiocarcinoma. They re-
port a high specificity but a low sensitivity; however, they
do not report accuracy, which must have been quite mod-
est. A major reason for their positive conclusion was the
finding of liver or peritoneal metastases at laparaoscopy in
36% of their patients, and this percentage was greater than
40% overall when five additional patients were discovered
a laparatomy to have metastatic disease. This percentage
of metastatic disease in perihilar cholangiocarcinoma is
much higher than in many series.

One explanation for this observation is that the authors
included some patients with gallbladder cancer in this se-
ries. Patients with gallbladder cancer presenting with bile
duct obstruction do have a high likelihood of metastatic
disease and a low resectability rate, and therefore that sub-
set of patients should undergo routine laparascopy. And if
you are smart enough to make that diagnosis on a nonin-
vasive test, that would be a good reason to go ahead with
laparascopy. However, in most series of perihilar cholang-
iocarcinoma, the incidence of metastatic disease is low, but
a significant percentage, perhaps 15 or 20% of these tu-
mors, can be deemed unresectable on the basis of extensive
bile duct involvement, for example, the Bismuth type IV,
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and/or definite vascular encasement on preoperative imag-
ing studies.

Therefore, I would suggest that in perihilar cholang-
giocarcinoma, staging laparascopy should be employed se-

lectively, perhaps in patients with Bismuth type III tumors
and in those in whom there is a suspicion of main portal
vein or contralateral portal vein branch or hepatic artery
encasement.
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Mechanisms of Impaired Gallbladder Contractile 
Response in Chronic Acalculous Cholecystitis

 

Anders R. Merg, M.D., Scott E. Kalinowski, B.S., Marilyn M. Hinkhouse, B.S.,
Frank A. Mitros, M.D., Kimberly S. Ephgrave, M.D., Joseph J. Cullen, M.D.

 

The mechanisms involved in the impaired gallbladder contractile response in chronic acalculous chole-
cystitis are unknown. To determine the mechanisms that may lead to impaired gallbladder emptying in
chronic acalculous cholecystitis, gallbladder specimens removed during hepatic resection (controls) and
after cholecystectomy for chronic acalculous cholecystitis were attached to force transducers and placed
in tissue baths with oxygenated Krebs solution. Electrical field stimulation (EFS) (1 to 10 Hz, 0.1 msec,
70 V) or the contractile agonists, CCK-8 (10

 

�

 

9

 

 to 10

 

�

 

5

 

) or K

 

�

 

 (80 mmol/L), were placed separately in the
tissue baths and changes in tension were determined. Patients with chronic acalculous cholecystitis had a
mean gallbladder ejection fraction of 12% 

 

�

 

 4%. Pathologic examination of all gallbladders removed for
chronic acalculous cholecystitis revealed chronic cholecystitis. Spontaneous contractile activity was
present in gallbladder strips in 83% of control specimens but only 29% of gallbladder strips from patients
with chronic acalculous cholecystitis (

 

P

 

 

 

�

 

 0.05 vs. controls). CCK-8 contractions were decreased by 54%
and EFS-stimulated contractions were decreased by 50% in the presence of chronic acalculous cholecys-
titis (

 

P

 

 

 

�

 

 0.05 vs. controls). K

 

�

 

-induced contractions were similar between control and chronic acalcu-
lous cholecystitis gallbladder strips. The impaired gallbladder emptying in chronic acalculous cholecystitis
appears to be due to diminished spontaneous contractile activity and decreased contractile responsiveness
to both CCK and EFS. ( J G

 

ASTROINTEST

 

 S

 

URG

 

 2002;6:432–437.) © 2002 The Society for Surgery of

 

the Alimentary Tract, Inc.
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A small subset of patients having classic symptoms
of biliary colic do not have detectable gallstones at
the time of ultrasonography. In these patients, chole-
cystokinin (CCK) cholescintigraphy confirms the pres-
ence of a patent cystic duct and permits functional
evaluation of gallbladder emptying in response to the
hormonal stimulus. Decreased gallbladder emptying,
known as biliary dyskinesia or chronic acalculous chole-
cystitis, is a syndrome in which gallbladder hypomotility
produces symptoms suggestive of biliary colic in the ab-
sence of gallstones.

 

1

 

 Decreased gallbladder emptying is
usually diagnosed by a CCK-stimulated ejection frac-
tion of less than 35% or scintigraphic or nonempty-
ing of the gallbladder. According to these definitions,
chronic acalculous cholecystitis represents approxi-
mately 5% of patients with gallbladder disease.

 

2

 

 In a
review by Canfield et al.,

 

3

 

 the combined results of 14

studies since 1975 demonstrate that among symp-
tomatic patients with an ejection fraction of less than
50%, as determined by CCK scintigraphy, 97% show
improvement or become asymptomatic after chole-
cystectomy.

The pathogenesis of this disease is unclear. Recent
studies suggest that the gallbladder smooth muscle
impairment in chronic acalculous cholecystitis may
be caused by a distinct smooth muscle defect that ap-
pears to be different from the smooth muscle impair-
ment in gallbladders with cholesterol stones. Amaral
et al.

 

4

 

 demonstrated that gallbladder contractions in-
duced by CCK-8 were decreased in gallbladders with
chronic acalculous cholecystitis compared to those with
pigment stones. In vitro smooth muscle cell contrac-
tion was also impaired in chronic acalculous cholecysti-
tis after stimulation with G-protein activators and with
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a protein kinase C activator; however, the CCK re-
ceptors in muscle membranes of gallbladders with
chronic acalculous cholecystitis were normal. From
this investigation it was concluded that impaired
smooth muscle contractility in chronic acalculous
cholecystitis appears to reside in the contractile appa-
ratus and is not due to CCK binding capacity. Gall-
bladder emptying, however, depends on both smooth
muscle contractile function and neural efferent motor
pathways regulating gallbladder contractions.

 

5

 

The aim of our study was to determine the mech-
anisms that might lead to the impaired gallbladder
emptying in chronic acalculous cholecystitis. We hy-
pothesized that the impaired gallbladder emptying in
chronic acalculous cholecystitis was due to impaired
smooth muscle contractility to contractile agonists
and nerve-induced contractile responses.

 

PATIENTS AND METHODS
Patients

 

Seven patients (3 men and 4 women, mean age 42 

 

�

 

7 years) with recurrent episodes of epigastric or right
upper quadrant pain typical of biliary colic under-
went laparoscopic cholecystectomy for the diagnosis
of chronic acalculous cholecystitis. The diagnosis of
chronic acalculous cholecystitis was made after all
patients were studied with ultrasonography and CCK
cholescintigraphy. In all patients, gallbladder ultra-
sonography failed to demonstrate cholithiasis, and
cholescintigraphy revealed decreased gallbladder ejec-
tion fractions of less than 30%. Patients with a history
of acute acalculous cholecystitis were excluded. Scin-
tigraphy was performed using a 

 

99m

 

Tc mebrofenin
(iminodiacetic acid derivative) imaging agent, and Sin-
calide to reproduce the CCK biological activities.
Briefly, patients were kept fasting for 4 hours before
the hepatobiliary scintigraphy was initiated. A total 5
mCi of 

 

99m

 

Tc mebrofenin was injected intravenously
after which 60 images/sec of the right upper quadrant
region were acquired. Serial images every 5 minutes
for the first hour were obtained with a Siemens-Dia-
cam gamma camera (Hoffman Estates, Illinois). The
gallbladder ejection fraction was then measured by ad-
ministering Sincalide 1 hour after 

 

99m

 

Tc mebrofenin
injection. Gamma rays from the gallbladder region
were counted before the Sincalide injection and 30
minutes after the injection. The ejection fraction was
calculated as the pre-Sincalide injection count minus
the 30-minutes post-Sincalide injection gamma count
divided by the pre-Sincalide injection gamma count.

Gallbladder specimens were also obtained from
six asymptomatic patients (3 men and 3 women, mean
age 49 

 

�

 

 10 years) with normal findings on ultra-
sound examination of the gallbladder, who were under-

going hepatic resection for metastatic malignancies
served as control specimens. In both control subjects
and patients with chronic acalculous cholecystitis, the
gallbladder was removed within 15 minutes after the
cystic artery was ligated. In both the control and
chronic acalculous cholecystitis groups, the bile from
the gallbladders was analyzed and found to contain
no gallstones, cholesterol crystals, or cholesterolosis.
The gallbladder specimens were then immediately
placed in ice-cold oxygenated Krebs solution.

 

Conduct of Tests

 

The gallbladder specimens were removed and washed
with Krebs solution (consisting of [in mmol/L] 138.5 so-
dium, 4.6 potassium, 2.5 calcium, 1.2 magnesium, 125
chloride, 21.9 bicarbonate, 1.2 phosphate, 1.2 sulfate,
and 11.5 glucose), and maintained at 37

 

�

 

 C and gassed
with 95% O

 

2

 

/5% CO

 

2

 

. The gallbladder was opened
as a flat sheet, and the serosa and mucosa were re-
moved under a dissecting microscope and strips ap-
proximately 2 mm wide were cut in a transverse
orientation. These strips were mounted on rack-and-
pinion clamps to permit stretching and to record
smooth muscle contractions. The strips were placed
in 5 ml organ baths containing Krebs solution at
37

 

�

 

 C continuously bubbled with 95% O

 

2

 

/5% CO

 

2

 

and allowed to equilibrate. During equilibration of
the strips, the development of spontaneous contrac-
tile activity was noted to be either present or absent.
Electrical field stimulation (EFS) and dose-response
studies to contractile agonists were performed on sepa-
rate gallbladder strips. For the EFS experiments, strips
were stretched to an initial tension of 3 g and equili-
brated for 1 to 2 hours with occasional washings as
described by Chen et al.

 

6

 

 Gallbladder strips develop
steady active tension during the equilibration period.
Basal active tension and changes in tension were ob-
tained after subtracting passive tension from all mea-
surements. Passive tension was obtained at the end
of the experiment after administration of 20 mmol/L
ethylenediaminetetra-acetic acid (Sigma Chemical,
St. Louis, Missouri). EFS was delivered from a Grass
S48 (Grass Instrument Co., Quincy, Massachusetts)
stimulator and neurally mediated relaxation of gall-
bladder muscle strips were measured in response to
increasing frequencies (1-10 Hz) of EFS (70 V,
1-msecond pulse duration for 20 sec). Recently it has
been demonstrated that a short-train stimulus applied
to gallbladder smooth muscle strips in vitro evokes a
contraction from the end of the stimulus.

 

7

 

 This nonad-
renergic noncholinergic nerve-induced response co-
incides with depolarization of the smooth muscle.

For the dose-response studies the optimal length
(L

 

o

 

) of each muscle strip was determined by estab-
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lishing the initial length (L

 

i

 

) and then progressively
stretching the muscle strip in 0.5 mm increments.
At each increment of stretch, the muscle strip was
allowed to stabilize and then challenged with 10

 

�

 

4

 

mol/L bethanechol, followed by 3 washes, and 20 min-
utes of equilibration, until the active contractile re-
sponse was achieved. All subsequent experiments were
performed with the muscle strips equilibrated at their
respective L

 

o

 

, the length at which active force was
maximum. Cumulative dose-response studies were then
performed for cholecystokinin octapeptide (CCK-8)
10

 

�

 

12

 

 to 10

 

�

 

5

 

 mol/L (Sigma Chemical). Additionally,
in other gallbladder strips, the contractile responses to
maximally effective concentrations of potassium (80
mmol/L) were also tested. At the end of each study, the
length of each strip was measured, blotted lightly, and
weighed. The cross-sectional area of each strip was cal-
culated from length and weight data by assuming that
the density of smooth muscle is 1.05 g/cm

 

3

 

.

 

Analysis of Data

 

Analysis of variance (ANOVA) with Tukey’s test
was used to determine differences between the con-
trol and chronic acalculous cholecystitis groups. Chi-
square analysis was used to determine differences be-
tween the control and chronic acalculous cholecystitis
groups in terms of spontaneous contractile activity.
The protocol for use of human gallbladder tissue was
approved by the University of Iowa Institutional Re-
view Board for Human Subjects on February 13,
1999.

 

RESULTS

 

In the patients with chronic acalculous cholecysti-
tis, cholescintigraphy demonstrated a mean gall-
bladder ejection fraction of 12% 

 

�

 

 4%. Pathologic
examination of gallbladders removed during hepatic
resection revealed no evidence of inflammation or
cholecystitis (Fig. 1, 

 

A

 

). Pathologic examination of
all gallbladder specimens for chronic acalculous chole-
cystitis revealed inflammatory cell infiltrates and Roki-
tansky-Aschoff sinuses consistent with chronic chole-
cystitis (Fig. 1, 

 

B

 

). All of the patients with chronic
acalculous cholecystitis had resolution of their present-
ing symptoms after laparoscopic cholecystectomy.

Chronic acalculous cholecystitis was associated
with a decreased incidence of spontaneous contractile
activity in the gallbladder specimens (Fig. 2). Among
the control gallbladders, five (83%) of six gallbladder
specimens developed spontaneous contractile activ-
ity when the muscle strips were attached to force

 

transducers in the oxygenated tissue bath. In contrast,
only two (29%) of seven gallbladder specimens devel-
oped spontaneous contractile activity during the in
vitro studies (

 

P

 

 

 

�

 

 0.05 vs. control).
Gallbladder smooth muscle strips from chronic

acalculous cholecystitis specimens had decreased con-
tractile responses to CCK-8 (10

 

�

 

12

 

 to 10

 

�

 

5

 

 mol/L)
(Fig. 3). The maximal contraction of control gallblad-
der strips in response to CCK-8 (10

 

�

 

5

 

 mol/L) was
37.1 

 

�

 

 9.3 g/cm

 

2

 

. The maximal contraction response
to CCK-8 (10

 

�

 

5

 

 mol/L) was decreased to 18.1 

 

�

 

 3.6
g/cm

 

2

 

 in gallbladder strips from patients with chronic
acalculous cholecystitis (

 

P

 

 

 

�

 

 0.05 vs. control).
Gallbladder smooth muscle strips from chronic

acalculous cholecystitis specimens also had a decreased
contractile response to EFS (1 to 10 Hz) (Fig. 4). The
maximal contraction of control gallbladder strips to
EFS (10 Hz) was 28.4 

 

�

 

 6.5 g/cm

 

2

 

. The maximal
contraction response to EFS (10 Hz) was decreased
to 14.2 

 

�

 

 3.3 g/cm

 

2

 

 in gallbladder strips from pa-
tients with chronic acalculous cholecystitis (

 

P

 

 

 

�

 

 0.05
vs. control).

Gallbladder smooth muscle strips from chronic
acalculous cholecystitis specimens had a slight decreased
contractile response to K

 

�

 

, which did not achieve statis-
tical significance. Gallbladder strips contracted to
45.1 

 

�

 

 8.0 g/cm

 

2

 

 in control gallbladders in response to
K

 

�

 

 (80 mmol/L), which was slightly decreased but simi-
lar to the response in strips from chronic acalculous
cholecystitis specimens, which contracted to 28.6 

 

�

 

 5.8
g/cm

 

2

 

 (

 

P

 

 

 

�

 

 0.05 vs. control).

 

DISCUSSION

 

Our study demonstrates that gallbladders removed
for chronic acalculous cholecystitis are associated
with inflammation consistent with chronic cholecys-
titis. Additionally, in vitro studies demonstrate that
gallbladders from patients with chronic acalculous
cholecystitis have an increased absence of spontane-
ous contractile activity, a decreased response to the
contractile agonist CCK, and a decreased contractile
response to EFS, when compared to gallbladders
without disease.

Our study compliments the recent study by Ama-
ral et al.,

 

4

 

 which also demonstrated a decreased con-
tractile response in gallbladders from patients with
chronic acalculous cholecystitis. In their study com-
paring gallbladders with chronic acalculous cholecys-
titis with those removed for cholesterol or pigment
stones, contraction was also impaired after stimulation
with G-protein activators and with a protein kinase C
activator. However, the CCK receptors in muscle mem-
branes of gallbladders with chronic acalculous cholecys-
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titis were normal. Our present study differs from this
previous study in that we used scintigraphy instead of
sonography to confirm the diagnosis of chronic acalcu-
lous cholecystitis, and we compared chronic acalculous
cholecystitis gallbladder specimens with gallbladders

removed during hepatic resection that contained no
cholesterol or pigment stones. Although we did not
evaluate CCK receptors in the gallbladder specimens
we used for this study, our data, combined with data
from the study by Amaral et al.,

 

4

 

 implicate impaired

Fig. 1. A, Histologic section of a control gallbladder removed during hepatic resection. Note normal
wall thickness and absence of inflammation or evidence of cholecystitis. B, Histologic section of a gall-
bladder removed for chronic acalculous cholecystitis. Note thickened muscularis with scattered lympho-
cytic infiltrate. Additionally, Rokitansky-Aschoff sinuses are identified, which is consistent with the diag-
nosis of chronic cholecystitis.
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Fig. 4. Nerve-mediated contractile response to EFS in gall-
bladder smooth muscle strips from control and chronic acal-
culous cholecystitis gallbladder specimens. Contractions were
decreased in muscle strips from gallbladders with chronic
acalculous cholecystitis compared to controls. Values are
mean � SEM of two experiments. *P � 0.05 vs. control;
ANOVA.

 

smooth muscle contractility in chronic acalculous chole-
cystitis, which appears to reside in the contractile appa-
ratus and is not due to CCK binding capacity. 

Gallbladder emptying depends on both smooth
muscle function and neural efferent motor pathways
regulating gallbladder contractile activity. The intrin-
sic cholinergic innervation of the gallbladder is impor-
tant for gallbladder contractility and subsequent emp-
tying. Atropine decreases meal-stimulated gallbladder
emptying,

 

8

 

 whereas CCK has been shown to facilitate
acetylcholine release from gallbladder neurons.

 

9,10

 

Also, the gallbladder contractile effect of CCK infu-
sion in vivo is inhibited by atropine.

 

11

 

 Evidence for
the presence of intrinsic cholinergic nerves of the
gallbladder has been provided by immunohistochem-
ical studies

 

12

 

 and by EFS, which stimulates intrinsic
nerves, causing release of acetylcholine.

 

13,14

 

 The ace-

tylcholine released from these intrinsic nerves acts on
smooth muscle muscarinic receptors causing gallblad-
der contraction. Our present study demonstrates that
EFS is impaired in chronic acalculous cholecystitis,
which suggests another mechanism for decreased gall-
bladder emptying in this disease.

Previous experimental preparations of acalculous
cholecystitis have also demonstrated similar impaired
gallbladder contractility. Our laboratory recently dem-
onstrated that endotoxin decreases the contractile re-
sponse to CCK-8 for up to 96 hours and decreases
the contractile response to EFS for 48 hours.

 

15

 

 How-
ever, this model simulates acute acalculous cholecys-
titis with accompanying gallbladder injury including
disrupted mucosal surfaces, coagulation necrosis, hem-
orrhage, and areas of fibrin deposition consistent with
an acute ischemic insult, which is quite different from
the clinical scenario of chronic acalculous chole-
cystitis. Parkman et al.

 

16

 

 have also demonstrated de-
creased smooth muscle contractility and decreased
neurally mediated contractions in an experimental
preparation of acalculous cholecystitis. In this model,
which uses common bile duct ligation, gallbladder
strips have a decreased response to acetylcholine and
EFS, which is reversed with a nitric oxide synthase
inhibitor. However, this model simulates common bile
duct obstruction, which is also quite different from
the clinical situation of chronic acalculous cholecys-
titis where the biliary tree is not obstructed.

In summary, gallbladders removed for chronic
acalculous cholecystitis commonly have absent spon-
taneous contractile activity, a decreased response to
the contractile agonist CCK, and a decreased con-
tractile response to EFS, when compared to gallblad-

Fig. 3. Dose-response studies with CCK-8 in gallbladder
smooth muscle strips from control and chronic acalculous
cholecystitis gallbladder specimens. Contractions were de-
creased in muscle strips from gallbladders with chronic acalcu-
lous cholecystitis compared to controls. Values are means �
SEM of two experiments. *P � 0.05 vs. control; ANOVA.

Fig. 2. Percentage of gallbladder strips with spontaneous
contractile activity in control and chronic acalculous chole-
cystitis gallbladder specimens. Control gallbladders demon-
strated an increased percentage of smooth muscle strips with
spontaneous contractile activity. *P � 0.05 vs. control; chi-
square analysis.
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ders without disease. These mechanisms could con-
tribute to the decreased gallbladder emptying seen in
chronic acalculous cholecystitis.
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Decreased Gallbladder Response in Leptin-Deficient 
Obese Mice

 

Matthew I. Goldblatt, M.D., Deborah A. Swartz-Basile, Ph.D., Carol L. Svatek, B.S.,
Atilla Nakeeb, M.D., Henry A. Pitt, M.D.

 

Obesity is a major risk factor for gallstone formation, but the pathogenesis of this phenomenon remains
unclear. Human data on gallbladder emptying are conflicting, and no animal data exist on the effect of
obesity on gallbladder motility. Leptin, a hormone produced by adipocytes, is known to have central ef-
fects on neuropeptide Y and cholecystokinin, but the influence of leptin on the biliary effects of these

 

hormones is unknown. Therefore we tested the hypothesis that leptin-deficient C57BL/6J-

 

lep

 

ob

 

 obese
mice would have decreased gallbladder responses to excitatory stimuli. Twelve-week-old lean control
(C57BL/6J) (n 

 

�

 

 22) and C57BL/6J-

 

lep

 

ob

 

 

 

obese (n 

 

�

 

 20) female mice were fed a nonlithogenic diet. The
mice were fasted overnight and underwent cholecystectomy. Whole gallbladders were placed in 3 ml

 

muscle baths. After optimal length was determined with acetylcholine (10

 

�

 

5

 

 mol/L, responses to increasing
doses of neuropeptide Y (10

 

�

 

8

 

 to 10

 

�

 

6

 

 mol/L) and cholecystokinin-8 (10

 

�

 

10

 

 to 10

 

�

 

7

 

 mol/L) were measured.

 

Student’s 

 

t

 

 test and two-way analysis of variance were used where appropriate. Results were expressed as
Newtons per cross-sectional area. The lean control mice had significantly greater excitatory responses to

 

acetylcholine than the obese mice (0.37 

 

�

 

 0.05 vs. 0.16 

 

�

 

 0.02, 

 

P

 

 

 

�

 

 0.01). The gallbladder responses were

 

also greater when mice were treated with neuropeptide Y (10

 

�

 

8

 

 mol/L: 0.00 

 

�

 

 0.00 vs. 0.00 

 

�

 

 0.00, NS;
10

 

�

 

7

 

 mol/L: 0.12 

 

�

 

 0.02 vs. 0.05 

 

�

 

 0.01, 

 

P

 

 

 

�

 

 0.01; 10

 

�

 

6

 

 mol/L: 0.26 

 

�

 

 0.08 vs. 0.06 

 

�

 

 0.01, 

 

P

 

 

 

�

 

 0.01) and
cholecystokinin (10

 

�

 

10

 

 mol/L: 0.27 

 

�

 

 0.04 vs. 0.13 

 

�

 

 0.02, 

 

P

 

 

 

�

 

 0.01; 10

 

�

 

9

 

 mol/L: 0.59 

 

�

 

 0.08 vs. 0.27 

 

�

 

0.04, 

 

P

 

 

 

�

 

 0.01; 10

 

�

 

8

 

 mol/L: 0.80 

 

�

 

 0.11 vs. 0.37 

 

�

 

 0.05, 

 

P

 

 

 

�

 

 0.01; 10

 

�

 

7

 

 mol/L: 0.86 

 

�

 

 0.11 vs. 0.44 

 

�

 

 0.06,

 

P

 

 

 

�

 

 0.01). These data suggest that genetically obese, leptin-deficient mice have decreased responses to ace-
tylcholine, neuropeptide Y, and cholecystokinin. We conclude that decreased gallbladder motility contrib-
utes to the increased incidence of gallstones associated with obesity. ( J G

 

ASTROINTEST

 

 S

 

URG

 

 2002;6:438–

 

444.) © 2002 The Society for Surgery of the Alimentary Tract, Inc.

K

 

EY
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Cholesterol gallstone disease remains a major
health care problem in Western countries. Gall-
stones lead to significant morbidity and cost more
than $6 billion annually in the United States.

 

1

 

 The
risk factors for cholesterol gallstones include female
sex, age, parity, and obesity. Recent human data have
shown that obesity is a major risk for gallstones, sec-
ond only to female sex.

 

2

 

 The pathogenesis of choles-
terol gallstones is multifactorial with the classic triad
being supersaturation of bile with cholesterol, cho-
lesterol crystal pronucleators, and gallbladder bile
stasis.

 

3

 

Leptin is a hormone produced by fat cells that is
transported into the central nervous system where it
influences a number of neurotransmitters including
neuropeptide Y (NPY) and cholecystokinin (CCK)
primarily in the hypothalamus.

 

4

 

 Leptin has been
shown to affect metabolism, satiety, and activity.

 

5

 

This laboratory has recently demonstrated that lep-

 

tin-deficient mice (C57BL/6J-

 

lep

 

ob

 

) have increased
resting gallbladder volume, an indication of gallblad-
der stasis.

 

6

 

 In addition, leptin-deficient mice have in-
creased cholesterol crystal pronucleators evidenced
by a decrease in the crystal observation time without
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a change in the cholesterol saturation index.

 

7

 

 How-
ever, the effects of obesity on gallbladder motility
have not been studied in these genetically obese, lep-
tin-deficient mice. Therefore we tested the hypothe-
sis that leptin-deficient obese mice would have de-
creased gallbladder responses to excitatory stimuli
compared to lean control mice when fed a nonlitho-
genic chow diet.

 

MATERIAL AND METHODS
Animals and Diet

 

Eight-week-old C57BL/6J lean control female
mice (n 

 

�

 

 22) (The Jackson Laboratory, Bar Harbor,
Maine) and leptin-deficient obese mice (C57BL/6J-

 

lep

 

ob

 

) (n 

 

�

 

 20) were housed four to five per cage in a
light (6 

 

AM

 

 to 6 

 

PM

 

)– and temperature (22

 

�

 

 C)–
controlled room. They were fed a nonlithogenic chow
diet (Ralston Purina, St. Louis, Missouri) for 4 weeks.
All protocols for these animal studies were approved
by the Medical College of Wisconsin Animal Care
Committee.

 

Tissue Procurement

 

At 12 weeks of age, after an overnight fast with wa-
ter allowed ad libitum, the mice were anesthetized
first with an isoflurane-soaked gauze placed in a 2000
cm

 

3

 

 glass jar followed by an intraperitoneal injection
of xylazine (15 mg/kg) and ketamine (50 mg/kg). The
animals then underwent laparotomy and cholecystec-
tomy. Gallbladder bile was immediately aspirated
with a 30-gauge needle and syringe. Whole gallblad-
ders were then placed in ice-cold modified Krebs so-
lution consisting of the following in (mmol/L): NaCl,
116.6; NaHCO

 

3

 

, 21.9; KH

 

2

 

PO

 

4

 

, 1.2; glucose, 5.4;
MgCl

 

2

 

, 1.2; KCl, 3.4; and CaCl

 

2

 

, 2.5, that had been
bubbled with 95% O

 

2

 

/5% CO

 

2

 

 for 30 minutes.

 

In Vitro Muscle Bath Experiments

 

The gallbladders were secured at their longitudinal
poles with 7-0 polypropylene sutures (Ethicon, Som-
erville, New Jersey). The gallbladders were mounted
in a 3 ml muscle bath containing modified Krebs solu-
tion bubbled with 95% O

 

2

 

/5% CO

 

2

 

 and maintained at
37

 

�

 

 C. The strips were allowed to equilibrate at 0.025 

 

g

 

tension for at least 45 minutes, exchanging solution ev-
ery to 10 to 15 minutes. After equilibration, optimal
length was determined by response to 10

 

�

 

5

 

 mol/L ace-
tylcholine (ACh) (Sigma Chemical, St. Louis, Mis-
souri) with 0.0375 to 0.1375 

 

g

 

 tension. Next, increas-
ing concentrations of NPY (10

 

�

 

8

 

 to 10

 

�

 

6

 

 mol/L) and
cholecystokinin-octapeptide (CCK-8; 10

 

�

 

10

 

 to 10

 

�

 

7

 

mol/L) (Sigma Chemical) were added to the gallblad-

der muscle bath. The muscle bath chambers were
rinsed with modified Krebs solution after each treat-
ment. The gallbladders were allowed to return to base-
line for at least 10 minutes before a new treatment was
added. At the conclusion of the experiments, the
length of the gallbladder muscle between the sutures at
optimal length was measured. The gallbladder seg-
ments between the sutures were then weighed, and the
cross-sectional areas were calculated. Signals were re-
corded on a Grass 7D polygraph with a Grass FT03C
transducer (Grass Instruments, Quincy, Massachu-
setts). Excitatory responses were measured as magni-
tude from baseline and are expressed as Newtons per
cross-sectional area (N/cm

 

2

 

) (Fig. 1). Muscle responses
were quantified using WINDAQ/EX computer soft-
ware (Dataq Instruments, Inc., Akron, Ohio). EC

 

50

 

values for CCK-8–induced excitatory responses were
determined using GraphPad Prism software (Graph-
Pad Software, Inc., San Diego, California).

 

Statistical Analysis

 

Data are expressed as mean 

 

�

 

 SEM. Statistical anal-
yses were performed using SigmaStat Statistical Soft-
ware (Jandel Corp., San Rafael, California). Differences
in animal weights and muscle bath responses were
tested for statistical significance by Student’s unpaired 

 

t

 

test and two-way analysis of variance as appropriate. A

 

P

 

 value of 

 

�

 

0.05 was considered statistically significant.

 

RESULTS
Age and Body Weight

 

The ages of the animals at the time of surgery did
not differ between the C57BL/6J lean control mice
and the C57BL/6J-

 

lep

 

ob

 

 leptin-deficient obese mice
(12.0 

 

�

 

 0.1 weeks vs. 11.8 

 

�

 

 0.1 weeks, 

 

P

 

 

 

�

 

 0.14). As
expected, significant differences in final body weight
were observed between the lean control mice and the
leptin-deficient obese mice at the time of surgery
(17.6 

 

�

 

 0.3 g vs. 49.2 

 

�

 

 0.7 g, 

 

P � 0.01).

Muscle Bath

The gallbladder cross-sectional areas from the lean
mice did not differ from those of the leptin-deficient
obese mice (1.6 � 10�3 � 9.0 � 10�5 cm2 vs. 1.5 �
10�3 � 9.4 � 10�5 cm2, P � 0.44, respectively). Re-
sponses to ACh at optimal length were greater in the
lean mice compared to the obese mice (Table 1).
Gallbladder responses to increasing concentrations
of NPY were significantly increased in the lean mice
compared to the obese mice, except at the concen-
tration of 10�8 mol/L (see Table 1 and Fig. 2). Exci-
tatory responses of the gallbladders to CCK-8 were
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also decreased in the obese mice compared to the
lean control mice (see Table 1 and Fig. 3). The EC50
values of the CCK-8 concentration response curves
were lower in the lean mice compared to the obese
mice (7.56 � 10�10 � 1.34 � 10�10 vs. 2.30 � 10�9 �
7.97 � 10�10, P � 0.05).

DISCUSSION

The three key components to cholesterol gall-
stone formation are cholesterol supersaturation of
bile, cholesterol crystal pronucleators, and biliary
stasis.3 Biliary stasis is influenced not only by sphinc-
ter of Oddi motility and gallbladder filling but also
by gallbladder emptying, which is controlled by gall-
bladder smooth muscle. These studies demonstrate
that the response of gallbladder smooth muscle to
excitatory stimuli such as ACh, NPY, and CCK in

leptin-deficient obese mice is markedly reduced. In
addition, the EC50 of CCK is significantly increased
indicating that a higher concentration of CCK is re-
quired to achieve a 50% maximal response in the
gallbladders of obese mice.

Obesity is a major health care issue because it af-
fects more than 50,000,000 Americans.8 Gallstone
disease has long been associated with obesity. Na-
keeb et al.2 demonstrated in a multivariate analysis
that persons with a body mass index greater than 30
had a 3.7-fold increase in the risk of gallstones. Sev-
eral mechanisms have been proposed for this find-

Fig. 1. Typical gallbladder responses in vitro
to excitatory neurotransmitters. CCK-8 was
used in this example. The responses are
represented as force per unit area (N/cm2)
and are plotted over time from lean control
C57BL/6J mice and leptin-deficient (C57BL/
6J-lepob) mice.

Table 1. Muscle bath results

Treatment Lean control
Leptin-
deficient P value

ACh 10�5 mol/L 0.37 � 0.05 0.16 � 0.02 �0.01
NPY 10�8 mol/L 0.00 � 0.00 0.00 � 0.00 NS

10�7 mol/L 0.12 � 0.02 0.05 � 0.01 �0.01
10�6 mol/L 0.26 � 0.08 0.06 � 0.01 �0.01

CCK-8 10�10 mol/L 0.27 � 0.04 0.13 � 0.02 �0.01
10�9 mol/L 0.59 � 0.08 0.27 � 0.04 �0.01
10�8 mol/L 0.80 � 0.11 0.37 � 0.05 �0.01
10�7 mol/L 0.86 � 0.11 0.44 � 0.06 �0.01

Values are mean � SEM; results are expressed as N/cm2; NS � not
significant.

Fig. 2. Whole gallbladders from lean (C57BL/6J) and leptin-
deficient obese (C57BL/6J-lepob) mice were mounted into 3
ml in vitro muscle baths. Various concentrations of NPY were
added and the maximal excitatory responses were recorded.
Responses were measured as stress (N) per unit area (cm2).
The gallbladders from the obese animals showed significantly
decreased responses compared to the lean control mice. Two-
way analysis of variance was used to compare results.
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ing. One etiology is believed to be due to choles-
terol-supersaturated bile, which is seen in patients
with cholesterol gallstones.9,10 Biliary motility has
been implicated in obesity-related cholesterol gall-
stones, but human data are conflicting. Gallbladder
resting volume, an indication of biliary stasis, has been
shown to increase in proportion to fat mass in obese
patients.11 However, reports on gallbladder emptying
in obesity have been conflicting. Although some stud-
ies show that obesity is associated with decreased gall-
bladder emptying,12 a number of studies have failed to
show that the gallbladder response to CCK or a fatty
meal is impaired in the obese patient.13,14

Leptin is a 16 kDa peptide hormone product of
the ob gene that is produced by white fat cells with
receptors found primarily in the hypothalamus.15

The leptin-deficient mouse develops morbid obesity
by maturity with increased food intake and decreased
energy expenditure.16 In addition, the leptin-defi-
cient mouse will lose weight and increase activity
when the deficient leptin is replaced.16 The actions
of leptin in the brain are complex and are mediated
by neurotransmitters such as NPY and CCK.4 Not
only has the connection between leptin and CCK
been made in the brain, but the CCK receptor sub-
type CCK-B is pivotal in the regulation and release
of leptin from fat cells in rats.17 Because of the multi-
ple interactions between leptin and known stimula-
tors of gallbladder smooth muscle, the leptin-defi-
cient mouse was employed in this study as a model
for obesity.

Intrinsic cholinergic nerves are important for gall-
bladder emptying in vivo. Human patients who have

received atropine have demonstrated decreased gall-
bladder emptying after a test meal.18 Parkman et al.19

demonstrated that the M3 subtype of the muscarinic
receptor was responsible for direct gallbladder smooth
muscle stimulation in guinea pigs. These investigators
also showed that M1 and M2 type muscarinic recep-
tors were on cholinergic nerves and act as prejunc-
tional autoreceptors in the gallbladder. In the present
study, acetylcholine stimulated weaker contractions
within the gallbladders of obese mice. Further studies
would need to be performed to determine whether
the excitatory response is due to prejunctional or di-
rect smooth muscle receptors, and also which musca-
rinic receptors are involved in the mouse.

The role of NPY in the central nervous system to
control food intake and its relationship with leptin
has been well described.20 In the leptin-deficient ob
mouse and the leptin-unresponsive db mouse, hypo-
thalamic levels of NPY are elevated.21 Also, adminis-
tration of NPY into cerebral ventricles induces sig-
nificant feeding behavior.22 In the periphery, NPY
was unable to elicit a direct effect on rat anococ-
cygeus muscle, but instead appeared to inhibit the
relaxation caused by nonadrenergic, noncholinergic
neurons.23 NPY does have direct excitatory effects in
the biliary tree by stimulating gallbladder contrac-
tions and sphincter of Oddi phasic wave contractions
in the prairie dog.24 The current study demonstrated
two findings with NPY. First, NPY caused an excita-
tory response in the gallbladder smooth muscle. Sec-
ond, the excitatory response was diminished in obe-
sity. The NPY receptors Y1 and Y2 have been
implicated in peripheral excitatory effects.25 The ex-
act mechanism in this current model will require fur-
ther description.

CCK and leptin have been shown to act synergis-
tically in the central nervous system by reducing
food intake in experimental animals.26 CCK recep-
tors have been extensively studied in the context of
gallbladder motility related to gallstone disease. We
demonstrate that CCK-induced gallbladder contrac-
tion is decreased in leptin-deficient obese mice fed a
nonlithogenic diet. None of these animals have cho-
lesterol-saturated bile, cholesterol crystals, or gall-
stones, indicating that gallbladder dysmotility pre-
cedes the formation of stones and is not the result of
gallstones. This finding is not likely to be the result
of a mutation of CCK receptors, as Nardone et al.27

demonstrated that the CCK receptor gene shows no
evidence of sequence mutation in patients with ei-
ther gallbladder disease or obesity.27 Despite the
normal sequence of the CCK receptor, its dysfunc-
tion has been associated with the decreased contrac-
tile response seen in patients with cholesterol gall-
stones.28 However, this receptor dysfunction is reversed

Fig. 3. Excitatory responses to various concentrations of
CCK-8 were measured in whole gallbladders from lean and
leptin-deficient obese mice. Responses were measured as
stress (N) per unit area (cm2). Two-way analysis of variance
was used to compare results.
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when the tissues are relieved of excess membrane cho-
lesterol.

Bile cholesterol has been shown to diffuse readily
into the smooth muscle plasma membranes,29 but in-
creased serum cholesterol does not seem to have the
same effect.28 We have previously shown that leptin-
deficient obese mice have bile cholesterol levels that
are similar to those in lean control mice and, there-
fore, the gallbladder smooth muscle would not be ex-
pected to have a different cholesterol content.6 In the
present study the decreased excitatory response in the
obese mice was most likely due to second messengers
further downstream from the CCK receptor. Indeed,
bypassing the CCK receptor by directly stimulating
downstream G proteins pharmacologically returns
the contractile response of the gallbladder smooth
muscle from patients with cholesterol gallstones to
that of pigment gallstone control mice.30 Future stud-
ies in the leptin-deficient mouse would include verify-
ing the cholesterol content of the gallbladder smooth
muscle and directly stimulating G proteins to deter-
mine whether the decreased contractile response of
the obese mice returns to baseline.

These experiments demonstrate that a murine
model can be used to examine gallbladder motility.
In addition, the clinical finding of decreased gall-
bladder motility in obese humans has been dupli-
cated in this model of obesity. In conclusion, this
study suggests that decreased gallbladder motility
plays a role in the pathogenesis of gallstone forma-
tion in obesity and that leptin may be involved in this
phenomenon.
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Discussion
tioned, and some lean control subjects. The prelimi-
nary data are very much in the infancy stage, so we
really do not have sufficient numbers to comment.

Dr. D. Dempsey (Philadelphia, PA): I would like
to compliment you on some very elegant studies. I
would say on behalf of those of us who try to inter-
pret muscle bath data, that your results show very
impressive differences in these leptin-deficient ani-
mals. In most of the obese patients that you and I op-
erate on, is the leptin level low or high?

Dr. Goldblatt: Most humans have increased lep-
tin levels. As opposed to a deficiency in leptin, it
seems that they have a problem with the leptin re-
ceptor being insensitive to leptin. So in that sense
this model does not mimic responses in the majority
of obese patients. There are models of obesity in
mice, such as the db mouse, which actually has a
problem with the leptin receptor, that we are going
to use in addition to this model to help examine
whether or not this is a leptin or a leptin receptor
problem.

Dr. M. Dayton (Salt Lake City, UT): I realize that
this study was primarily a motility study and an ex-
amination of neurotransmitters, but I am interested
in knowing whether or not your model, the obese
model, actually forms gallstones? In other words,
when fed a lithogenic or even a nonlithogenic diet,
do these obese mice form gallstones? It may give us
some idea of how good a model this would be for
predicting the effect of neurotransmitters.

Dr. Goldblatt: The background strain that we
chose for this model, the C57BL/6J mouse, has been
shown to actually have an increased propensity for
gallstone formation. We chose this background strain
so that if we saw anything after adding the obesity
factor, it should be above and beyond the lean con-
trol. What we have shown when we have fed them a
lithogenic diet is that they have an increased number
of cholesterol crystals after 4 weeks. We fed them
only out to 4 weeks. We have not gone further to see
if there are actual gallstones, but there definitely is a
difference in the number of crystals.

Dr. K. Lillemoe (Baltimore, MD.): As you stated,
the hormone leptin has been primarily shown to
have effects in the central nervous system. Is there
any reason to think that this hormone has an effect at
the gallbladder muscle level? Have receptors for lep-
tin been identified in the gallbladder?

Second, which sort of follows along the same line
of thinking, is this a “chicken or egg” phenomenon?
In other words, in previous studies you noted in these
same leptin-deficient animals that their gallbladders
have an increased gallbladder volume, which suggests
stasis. Therefore, when you remove the gallbladder
from the animal and place it in your ex vivo chamber,
are you just seeing a secondary effect, that is, has the
dilated, distended gallbladder lost its responsiveness
at the muscular level?

Third, with Dr. Nakeeb’s expertise in morbid obe-
sity, you most likely have access to gallbladders that
were removed from patients undergoing surgery for
morbid obesity. Have you studied human gallblad-
ders from patients with morbid obesity in this model?

Dr. M. Goldblatt: With regard to leptin and
looking at leptin receptors throughout the gas-
trointestinal tract, there have been studies demon-
strating the influence of leptin and CCK in the
stomach. We have shown, at least with some prelim-
inary findings, that there are leptin receptors in the
gallbladders of humans. As far as how leptin relates
to our findings, that remains to be sorted out.

As to the actual mechanism in the muscle bath in
the gallbladders and whether or not they have just
been overstretched, one of the things we do as soon as
the gallbladder is removed is drain the bile, and these
gallbladders are allowed to rest for at least a couple of
hours before any of the experiments take place. That is
not to say that if they are overstressed, that is enough
time for them to recover, but at least that is part of it.
Some of our preliminary in vivo data have shown that
these gallbladders, when given enough stimulation, do
seem to have the ability to contract fully.

Finally, in the human scenario, we have started to
look at humans, both obese subjects, as you men-

Lawrence W. Way (San Francisco, CA): The paper
about the gallbladder response to leptin leaves me with

not much to say, so maybe I shouldn’t say anything. The
only reaction I had is why couldn’t this experiment have

Invited Discussion—Expert Commentator
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been done just as well in humans? I harken back to my
college days and would say that the authors’ final slide, al-
though it is nice to be optimistic and upbeat about things,
probably reflected a little example of hasty generalization

as the logical fallacy there, because the conclusion was
that this means there is a motor defect in the gallbladder
in obese patients. I am not sure the model can carry us
that far.
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Age-Associated Changes in Gene Expression Patterns 
in the Liver

 

Robert P. Thomas, M.D., Michelle Guigneaux, M.S., Thomas Wood, Ph.D.,
B. Mark Evers, M.D.

 

Aging is one of the least clearly understood biological processes. Alteration of oxidation/reduction (re-
dox) enzymes has been demonstrated with aging; however, a systematic analysis of expression patterns has
not been performed. The liver plays a key role in homeostasis and detoxification; therefore alteration of
hepatic gene expression with aging may affect outcome after surgery. The purpose of our study was to as-
sess changes in gene expression patterns in aged livers from both rats and humans using gene array analy-
sis. Total RNA was extracted from young (2-month-old) and aged (2-year-old) rat livers, as well as young
(1-year-old) and aged (78-year-old) human livers. Gene expression patterns were compared using Af-
fymetrix GeneChip arrays. The expression pattern of selected genes was confirmed by reverse transcrip-
tion–polymerase chain reaction. A threefold or greater change in gene expression was noted in 582 genes
in the aged rat livers and 192 genes in the aged human livers. Comparison of the genes that were in-
creased with aging demonstrated some similar patterns of expression in the rat and human livers, particu-
larly in members of the antioxidant family and the cytochrome P-450 genes. Our findings demonstrate
changes in the expression pattern of genes in the liver with aging. Concomitant increases in the expres-
sion of important antioxidant and detoxifying genes were noted in the livers of both rats and humans.
This induction pattern suggests a complex link between changing hepatic detoxification/redox capability
and senescence. ( J G
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Medical advances in the past century have enabled
persons in our society to live longer and remain
healthy for a longer period of time. It is estimated
that the number of elderly will continue to increase
and by the year 2050, nearly 25% of Americans will
be at least 65 years of age.

 

1

 

 As the number of persons
reaching advanced age increases, there will be an as-
sociated need for increased surgical care. From 1980
to 1996, the percentage of operations that were per-
formed in patients over 65 years of age increased
from 19% to 36%.

 

2

 

 Furthermore, it is estimated that
at least 50% of patients in most general surgery
practices are over 65 years of age.

 

3

 

 With aging comes
a decline in physiologic function in most organ sys-
tems.

 

4

 

 In normal, nonstressful conditions, this de-
cline usually has minimal consequences; however,

with stress (e.g., surgery or trauma), the ability of the
aged patient to respond to these increased demands
is seriously compromised.

 

5

 

 Therefore it is imperative
that all physicians recognize and understand the
changes that occur in various organ systems with ag-
ing, if we are to achieve improvements in the care of
elderly patients.

Aging, a universal phenomenon of all organisms,
is one of the least clearly understood biological pro-
cesses. There are currently a number of theories pro-
posed to explain the changes associated with aging.

 

6

 

Oxidative damage to mitochondrial DNA is thought
to play a role in aging and in various degenerative
processes.

 

7

 

 This theory, often called the free-radical
theory of aging, provides a conceptual approach to
the study of aging.

 

8–10

 

 Free radicals are reactive oxy-
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gen species (ROS) that are normally generated at low
levels in all living aerobic cells by the respiratory
chain of the mitochondria. The accumulation of
ROS is thought to damage cellular machinery and
contribute to the changes seen with aging.

 

8

 

 To op-
pose this internal threat, cells have a number of anti-
oxidant defense mechanisms including antioxidant
enzymes such as superoxide dismutase (SOD), which
catalyzes the dismutative reaction between two su-

 

peroxide molecules and hydrogen to form H

 

2

 

O and
O

 

2

 

.

 

11

 

 Other antioxidants include the glutathione
S-transferase (GST) enzymes, which eliminate ROS
through conjugation reactions and NADH–cytochrome

 

b

 

5

 

 reductase, which reduces the membrane antioxidant
coenzyme Q.

 

12

 

 These enzymes provide a scavenging
system to eliminate potentially harmful oxygen me-
tabolism byproducts, but it is estimated that the aver-
age human cell still encounters approximately 10,000
free-radical exposures a day.

 

13

 

The liver is a critical organ in protection from ox-
idative damage.

 

14

 

 In addition, the liver plays a major
role in the breakdown of potentially toxic lipophilic
toxins through the action of oxidation and reduction
enzymes such as the cytochrome P-450 enzymes.

 

15

 

This family of enzymes adds hydroxyl groups to a
number of toxins, which facilitates their excretion in
the urine.

 

16

 

 Age-associated changes in liver physiol-
ogy and function have been described.

 

17

 

 With aging,
there is a general decrease in organ size and hepato-
cyte number. Liver enzymes are routinely unaltered
with senescence; however, during periods of stress,
the liver in the aged patient may not be able to meet
the demands of hypermetabolic states. Elucidating the
changes in the expression of genes in the liver with
aging may lead to a better understanding and treat-
ment of hepatic dysfunction after surgery or major
stress. Therefore the purpose of our study was to as-
sess age-associated changes in gene expression pat-
terns in rat livers and compare them with changes in
human livers. We used gene array technology for
these studies. Genomic expression profiling with
high-density oligonucleotide arrays represents a pow-
erful tool to expand current molecular studies and
provide a global assessment of changes in gene ex-
pression patterns associated with aging.

 

MATERIAL AND METHODS

 

Total RNA was isolated using Ultraspec II (Bio-
tex, Houston, TX). GeneChip oligonucleotide glass-
slide, high-density arrays and hybridization proto-
cols were obtained from Affymetrix (Santa Clara,
CA) (rat array: RG_U34A 

 

�

 

 8,797 gene probes; hu-
man array: HG_U95A 

 

�

 

 12,626 gene probes). In ad-

dition, Affymetrix GeneChipSuite 3.3 expression
analysis software and Affymetrix EASI databases
were used. Decision Site Gene Array Explorer soft-
ware was also purchased. Polymerase chain reaction
(PCR) reagents were purchased from GIBCO-BRL
(Grand Island, NY), and PCR primers were synthe-
sized by Oligos Etc. (Wilsonville, Ore.). For the
GST activity assay, the substrate, 1-chloro-2,4-dini-
trobenzene, and glutathione were purchased from
Sigma Chemical (St. Louis, MO). All other reagents
were of molecular biology grade and were purchased
from either Sigma or Amresco (Salon, OH).

 

Animals and Tissue Preparation

 

Young (2-month-old) and aged (24-month-old)
male Fischer 344 rats were obtained from the Na-
tional Institute on Aging (Bethesda, MD) stock col-
ony maintained under barrier-reared conditions.
Aged animals were defined as those that had achieved
the age at which one-half of the population ordi-
narily dies (median survival time). In humans that
age is approximately the eighth decade of life; in Fis-
cher 344 rats the age is 23 to 26 months.

 

18

 

 After re-
ceipt, rats were housed at a constant temperature of
(22

 

�

 

 C) with 12-hour light-dark cycles. Rats were fed
standard rat chow (Ralston Purina, St. Louis, MO)
ad libitum.

At the end of a 7-day acclimatization period, the
rats were anesthetized with 5% halothane and then
killed by decapitation. The entire liver was removed,
immediately frozen in liquid N

 

2

 

, and maintained at

 

�

 

70

 

�

 

 C until RNA extraction. Two human liver
samples from a 1-year-old male (young) and a 78-
year-old male (aged), both of whom sustained intra-
cranial injuries, were purchased from Tissue Trans-
formation Techniques (Edison, NJ). Tissue samples
were stored at 

 

�

 

70

 

�

 

 C until extracted for RNA. Tis-
sue acquisition and subsequent use were approved by
the Institutional Review Board at The University of
Texas Medical Branch.

 

RNA Isolation and Affymetrix GeneChip 
Labeling Analysis

 

For both rat and human samples, total RNA was
extracted by the method of Chomczynski and Sacchi

 

19

 

using Ultraspec RNA in accordance with the manu-
facturer’s instructions.

Using total RNA (25 to 30 

 

�

 

g), first-strand cDNA
was synthesized with a T7 - (dT) 

 

24

 

 oligomer (5

 

�

 

GGCCAGTGGAATTGTAATA CGACTCACTA-
TAGGGAGGCGG-dT

 

24

 

 3

 

�

 

) and SuperScript II re-
verse transcription (RT; Life Technologies, Rock-
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ville, MD). Second-strand synthesis converts the cDNA
into the DNA template needed for in vitro tran-
scription. During in vitro transcription, target RNAs
(cRNA) were biotin labeled with bacteriophage T7
RNA polymerase-directing synthesis. The biotin-
labeled cRNAs then were fragmented to a mean size
of 150 bases. The samples were tested with hybrid-
ization to test chips containing several housekeeping
genes (e.g., actin, GAPDH).

Hybridizations were performed at 45

 

�

 

 C for 16
hours in 0.1 mol/L MES (pH 6.6), 1 mol/L NaCl, 0.02
mol/L EDTA, and 0.01% Tween 20. Four prokary-
otic genes (

 

bio

 

 B, 

 

bio

 

 C, 

 

vio

 

 D from 

 

E. coli

 

 biotin synthe-
sis pathway, and 

 

cre

 

, the recombinase gene from P1
bacteriophage), were added to the hybridization cock-
tail as internal controls. These control RNAs were
used to normalize expression levels between experi-
ments and, because they are added at varying copy
number (

 

Bio

 

 B, 1.5 pmol/L; 

 

Bio

 

 C, 5 pmol/L; 

 

Bio

 

 D,
25 pmol/L and CRE, 100 pmol/L), they were used
in estimating relative abundance of RNA transcripts
in the sample. The arrays (rat: RG_U34A, 8,799 genes;
human HG_U95A, 12,626 genes) were washed with

 

nonstringent (1 mol/L NaCl, 25

 

�

 

 C) and stringent
(1 mol/L NaCl, 50

 

�

 

 C) solutions. Staining was com-
pleted with phycoerythrin streptavidin (10 mg/ml
final). The GeneChips were then scanned with a
Hewlett-Packard scanner and analyzed. Further data
analysis was performed using the Affymetrix EASI
database (to assign gene descriptions to query probe
sets) and the Spotfire Decision Site software system
(Somerville, Mass.).

 

Reverse Transcription–Polymerase
Chain Reaction 

 

For RT-PCR, the sequences of the specific primers
used for the reactions were as follows: rat NADH–cyto-
chrome b5 reductase, (sense) 5

 

�

 

 ATCCCAAGT TTC-
CAGCTGGAG-3

 

�

 

 and (antisense) 5

 

�

 

-CCAGTAC-
AGCTGGATGACCAG-3

 

�

 

; rat Cu/Zn SOD, (sense)
5

 

�

 

-GGCGGCTTCTCTCGT CTCCTTG-3

 

�

 

 and
(antisense) 5

 

�

 

CAGCAGATGATGAGTCTGAGAC-
TCAG-3

 

�

 

; human cytochrome P-450 1A1 (TCCD

 

inducible), (sense) 5

 

�

 

CAGTAATGGTCAGAGCATG-
TCC-3

 

�

 

 and (antisense) 5

 

�

 

-GGTTCACACCAAAT-
ACATGAGGCT-3

 

�

 

; human cytochrome P-4502C18
(CYP2C18), (sense) 5

 

�

 

-GGTAACAAAGACTTGGA-
ATCC-3

 

�

 

 and (antisense) 5

 

�

 

-GCAGGAGTCCA-
TATCTCAG-3

 

�

 

; and glyceraldehyde-3-phosphatase
dehydrogenase (GAPDH), (sense) 5

 

�

 

-TCCACCACC-
TGTTGCTGTA-3

 

�

 

 and (antisense) 5

 

�

 

-ACCACAGT-
CCATGCCATGCCATCAC-3

 

�

 

.
The RT reaction was performed according to the

manufacturer’s instructions (GIBCO-BRL) and as

previously described.

 

20

 

 Briefly, a 50 

 

�

 

l reaction con-
sisting of 5 

 

�

 

g total RNA, 1 

 

�

 

l oligo (dT) and RNase
free water was incubated for 10 minutes at 70

 

�

 

 C.
The mixture was then mixed with 5

 

�

 

 buffer, 0.1
mol/L DTT, and 10 mmol/L dNTP mix and incu-
bated for 2 minutes at 42

 

�

 

 C. This was followed by the
addition of SuperScript II (200 U/

 

�

 

l) and further in-
cubated for 50 minutes at 42

 

�

 

 C. The reaction was
halted with a temperature increase to 70

 

�

 

 C for 15
minutes. A parallel reaction without the addition of
RNA was performed to ensure lack of contamination.

After the completion of the RT reactions, 1 

 

�

 

l of
cDNA template was used for PCR. Reaction mix-
tures contained 1 

 

�

 

l of cDNA, 5 

 

�

 

l of 10

 

�

 

 PCR
buffer, 1.5 

 

�

 

l of 50 mmol/L MgO

 

2

 

, 1 

 

�

 

l of 10 nmol/
L dNTP, and 1 

 

�

 

l of 10 

 

�

 

mol/L sense and antisense
primers. Autoclaved-distilled H

 

2

 

O was added to a to-
tal volume of 50 

 

�

 

l. Reactions were mixed and cov-
ered with sterile mineral oil, and PCR was initiated
with 95

 

�

 

 C hot-start addition of Taq DNA poly-
merase and carried out according to the following
profile: an initial denaturation for 1 minute at 95

 

�

 

 C
followed by 25 cycles at 94

 

�

 

 C for 55 seconds, 60

 

�

 

 C
for 55 seconds, and 72

 

�

 

 C for 1 minute and 30 sec-
onds. Additional parallel reactions were performed
without the addition of cDNA template to ensure
lack of contamination. An aliquot of each PCR reac-
tion was resolved by gel electrophoresis with 1%
agarose gel containing ethidium bromide. Bands
were visualized by ultraviolet illumination.

 

Glutathione S–Transferase Activity Assay

 

Total GST activity of cytosolic fractions of protein
was assayed using 1-chloro-2,4-dinitrobenzene (CDNB)
as a substrate as described originally by Habig et al.

 

21

 

Frozen liver samples were homogenized in a lysis
buffer (0.25 mol/L sucrose, 1 mmol/L EDTA, pH
7.4). Cytosolic fractions were obtained by centrifuga-
tion (14,000 rpm for 30 minutes, followed by 45,000
rpm for 60 minutes). Protein concentration was deter-
mined by the method of Bradford.
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 Reaction mixtures,
consisting of 1.5 ml potassium buffer (0.13 mol/L, pH
6.5), 20 

 

�l CDNB (76 mg/10 ml ETOH), and 10 �l
protein sample (1:10 dilution), were analyzed by spec-
trophotometry at a wavelength of 340 nm after the
addition of GSH (76 mg/10 ml H2O), which initiates
enzyme activity.23 Activity measurements were stan-
dardized to protein content and expressed as �mol/
min/mg protein.

Statistical Methods

Rat GST activity per minute was analyzed using
analysis of variance for a two-factor experiment with
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repeated measures on time. The two factors were age
group (2 and 24 months) and time (5 points from 1
to 5 minutes). Effects and interaction were assessed
at the 0.05 level of significance. Fisher’s least signifi-
cant difference procedure was used for multiple
comparisons with Bonferroni adjustment for the
number of comparisons.

RESULTS
Age-Associated Changes in the Expression 
Pattern of Genes in Rat and Human Livers

To determine the effects of aging on the expres-
sion pattern of genes in the liver, we extracted RNA
from young and aged rat and human livers; gene ex-
pression profiles were determined using rat and hu-
man microarrays from Affymetrix. Expression changes
were reflected in the differences in signal intensity
from array hydrizations. Analysis of the microarray
differences in the hybridization signals was accom-
plished with the use of Affymetrix Expression Suite
3.3 software; a threefold or greater change in signal
intensity was considered a significant change in ex-
pression (Fig. 1). Analysis of expression patterns in
aged rat livers demonstrated a threefold or greater
change in the expression of 582 genes compared with
the livers of the young animals (552 genes were in-
creased and 30 genes were decreased with aging) (see
Fig. 1, A). Genes with changes of threefold or
greater comprised approximately 6% of the probes
on the rat RG_U34A microarray, with changes rang-
ing from a 105-fold increase to a 261-fold decrease
in the expression of genes in the aged livers.

Analysis of the human (young and old) liver samples
demonstrated threefold or greater changes in the ex-
pression of 192 genes (approximately 1% of the probes
on the human U95A microarray) (see Fig. 1, B). In
contrast to the rat liver in which the majority of gene
changes were noted to be an actual increase, only 43
genes in the aged human liver demonstrated a three-
fold or greater increase of expression, whereas 149
genes were decreased by threefold or greater. Taken
together, our analysis of rat and human livers has iden-
tified a subset of genes that appear to be altered with
aging. A number of genes were increased threefold or
greater, particularly in the rat liver, further emphasiz-
ing the fact that gene expression does not remain static
or uniformly decline with senescence.

Analysis of the genes with increased expression in
the aged rat and human livers demonstrated that a
number of these genes are members of the redox and
detoxification gene families. These included mem-
bers of the GST, cytochrome P-450, UDP-glucu-
ronosyltransferase, and SOD families, with increases
of expression ranging from three- to 61-fold in the

aged rat liver (Table 1). Similarly, increases in mem-
bers of the GST, cytochrome P-450, and UDP-glu-
curonosyltransferase gene families were detected in
the aged human liver (Table 2).

Confirmation of Gene Expression Changes
by RT-PCR

To confirm our findings obtained by microarray
analysis, the expression of selected genes was ana-
lyzed by a semiquantitative RT-PCR procedure us-
ing the same RNA samples that were used in the mi-
croarray analysis (Fig. 2). Two genes in the rat that

Fig. 1. Gene array hydrization signal intensities. Hydrization
differences as calculated and normalized by Affymetrix Ex-
pression Suite 3.3 software. A, Scatter plot of differential sig-
nal intensity between young (2-month-old) and aged (24-
month-old) rat livers as analyzed by RG_U34A Affymextrix
GeneChip array. B, Scatter plot of differential signal intensity
between young (1-year-old) and aged (78-year-old) human
livers as analyzed by HG_U95A Affymextrix GeneChip array.
Normalization for both rat and human experiments included
elimination of genes with insufficient hydrization for analysis
as determined by Expression Suite 3.3 software.
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were found to be increased in the aged liver (NADH–
cytochrome b5 reductase and Cu/Zn SOD) were an-
alyzed using rat-specific primers that yield PCR
products of 660 and 540 bases, respectively; primers
for rat GAPDH were added to the same reaction
vessels as a constitutively expressed control. In addi-
tion, a control reaction using all of the PCR compo-
nents, with the exception of reverse transcription
cDNA, was performed to ensure that no contamination
existed. Similar to the microarray analysis, the expres-
sion of both genes was increased in aged (24-month-
old) livers compared with young (2-month-old) liv-
ers; GAPDH was expressed at similar levels in both

samples (see Fig. 2, A). The expression of two genes
noted to be increased in the aged human liver was
further assessed. Analysis by RT-PCR demonstrated
that both cytochrome P-450 1A1 (2,3,7,8 tetra-
cholordibenzo-p-dioxin [TCDD]-inducible) and cy-
tochrome P-450 2C18 (CYP2C18; clone 6b) were
increased in the aged livers compared with the 1-year-
old livers (see Fig. 2, B). GAPDH was expressed at
similar levels in the samples.

To further confirm changes noted by our initial
microarray analysis, we analyzed three additional
young (2-month-old) and aged (24-month-old) rat
livers for expression of NADH–cytochrome b5 reduc-
tase and Cu/Zn SOD (Fig. 3). Although the expres-
sion varied in the in vivo samples, increased expression
(�10-fold) of NADH–cytochrome b5 reductase was
noted in the three aged livers compared with the liv-
ers from the young rats (see Fig. 3, A). An analysis of
the expanded group of rat liver samples demon-
strated that the results for Cu/Zn SOD are less con-
sistent with no significant change in expression
noted in the aged and young livers (see Fig. 3, B).
These results demonstrate the variability in the ex-
pression patterns in vivo and further emphasize the
necessity of confirming the data obtained by mi-
croarray analyses using more conventional tech-
niques (e.g., RT-PCR) and using samples from dif-
ferent animals.

Assessment of GST Functional Activity in Young 
and Aged Livers

We next determined whether the increased expres-
sion of members of the GST gene family was associ-
ated with increased functional activity. GST activity
was assessed in the young and aged rat and human liv-
ers by testing the ability of these proteins to conjugate
1-chloro-2,4 dinitrobenzene (Fig. 4). Although not
significant, there is a trend toward decreased GST ac-
tivity in the aged rat liver compared with the young
rat liver. A similar trend in GST enzyme activity is
noted in human liver samples from the 78-year-old
compared with those of the 1-year-old.

Collectively these findings demonstrate alterations
in the expression of a number of the antioxidant and
detoxification genes in the liver with aging. At least
in the case of GST, increased expression of this gene
in the aged liver does not appear to correlate with an
increase in enzyme activity.

DISCUSSION

Aging is associated with changes in physiologic
function and gene expression, which may greatly af-

Table 1. Subsets of genes that are increased in the aged 
rat liver

Rat genes Gene bank
Fold

increase

UDP-glucoronosyltransferase
Exon 1 D38065 29
3-Methylchoanthrene-inducible S56937 20
UGT1 D83796 3

Glutathione S–transferase
Subunit 13 (GSTK-1) S83436 61
Yc2 subunit (GSTA5) S82820 51
Subunit 8 X62660 27
P subunit X02904 4

Cytochrome P-450 enzymes
P-450 polypeptide M14775 13
P-450 2J3 (CYP2J3) U39943 4
CYP3A1 X62086 4

Antioxidant enzymes
Cu/Zu SOD M25157 56

Other
NADH–cytochrome b5 reductase D00636 48
Glutathione synthetase L38615 5
Glutathione reductase U73174 5

Table 2. Subsets of genes that are increased in the aged 
human liver

Human genes Gene bank
Fold

increase

UDP-glucuronosyltransferase
C19 steroid specific U59209 3

Glutathione S–transferase
Ha subunit 2 (GST) M16594 19
Theta 2 (GSTT2) L38503 8

Cytochrome P-450 enzymes
P-450 1A1 (CYP1A1-TCDD-

inducible) K03191 9
CYP1A2 M31667 5
P-450 2C18 (CYP2C18) M61853 3
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fect the functional responses of elderly patients after
trauma or major operative procedures.24 In our present
study, we have used gene array techniques to analyze
changes in the expression patterns of genes in the
liver associated with aging. Increased expression of
redox and detoxification enzymes, including the
GST, UDP-glucuronosyltransferase, and cytochrome
P-450 enzyme families, were noted in both aged rat
and aged human liver samples. Other genes displaying
increased expression in the rat liver included the anti-
oxidant enzymes Cu/Zn SOD and NADH–cyto-
chrome b5 reductase. These increased expression pat-
terns were further corroborated by RT-PCR analysis
of selected genes. Our findings demonstrate changes in
the expression patterns of similar gene families in aged
rat and aged human livers and suggest that gene array
techniques will be useful to better delineate the changes
in gene patterns associated with senescence.

The development of new technologies arising
from the human genome project, such as DNA mi-
croarray analysis, will have an enormous impact on
the future studies of normal cellular processes as well
as disease states. The array-based methods, which in-
volve the mobilization of thousands of cDNAs on a
solid matrix, have the advantage of a high-output, di-
rect, and rapid readout of hybridization results and
immediate information on the expression patterns of
numerous genes. Recent studies have used microar-
ray techniques to analyze changes in gene expression

patterns with aging. Lee et al.25 analyzed skeletal
muscle from mice of different ages and noted that
113 of 6347 genes displayed a greater than twofold
change in expression levels as a function of age.
Stress-related genes were noted to be increased,
whereas genes involved in energy metabolism, bio-
synthetic pathways, and protein turnover were de-
creased with aging. In another study by Ly et al.,26

gene expression patterns were measured in actively
dividing fibroblasts isolated from young, middle-
aged, and elderly humans and humans with progeria,
a rare genetic disorder characterized by accelerated
aging. Except for some common changes in expres-
sion patterns of the stress-responsive genes, there
was little overlap between the alterations noted in
these two studies,25,26 suggesting that specific tissues
may respond to aging differently. Taken together,
our present study, as well as those of others,26–30 con-
firm the fact that aging is associated with changes
(either increases or decreases) in gene expression
patterns. These changes are highly dependent on tis-
sue type and species.

The accumulation over time of ROS, which are
byproducts of metabolism and produced in all aero-
bic organisms, is thought to play a role in the patho-
genesis of certain diseases and contribute to the
changes noted with aging.7,8,31,32 Antioxidants are
“free-radical scavengers” that detoxify these poten-
tially toxic byproducts;6 alterations in the activity of

Fig. 2. RT-PCR analysis of rat and human expression patterns. A, To confirm rat gene expression in-
creases, RNA extracted from young (2-month-old) and aged (24-month-old) rat livers was analyzed by a
semiquantitative RT-PCR with primers for NADH–cytochrome b5 reductase and Cu/Zn SOD. B,
RNA extracted from young (1-year-old) and aged (78-year-old) human livers was analyzed by a semi-
quantitative RT-PCR with primers for cytochrome P-450 (1A1) and cytochrome P-450 (2C18). The in-
tegrity of the RT reaction was confirmed by amplification using primers to the constitutively expressed
GAPDH gene. Control experiments consisted of parallel reactions with all of the RT-PCR components
except for the reverse transcription cDNA. M � molecular weight marker.
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various antioxidants may allow for ROS accumula-
tion. In our present study we have focused on changes
that occur in the redox gene families in the liver. We
found increased expression of several antioxidant en-
zymes including the members of the GST family,
Cu/Zn SOD, and the membrane antioxidant NADH–
cytochrome b5 reductase. To correlate expression pat-
terns in the rat with changes in the human, we have
assessed liver samples from an infant and an elderly
patient and found, similar to that which occurs in
the rat, an increase in the expression of members of
the GST family. Although a powerful method to rap-
idly and simultaneously assess the expression changes
of a multitude of genes, this technique represents a
“snapshot” depicting changes in gene expression in a
single tissue sample at a single time point. A number
of factors may influence the expression patterns noted
in an array analysis. Environmental factors including
differences in diet, stress, and manner of tissue collec-
tion may alter the expression patterns detected by a
single array. Therefore it is imperative that the changes
noted by gene arrays be confirmed by more conven-
tional techniques and, if possible, in tissues examined
from multiple subjects. We have used RT-PCR to con-
firm changes noted in selected genes in both rat and
human livers. Moreover, we have analyzed additional

rat livers by RT-PCR to confirm changes in different
animals of the same age. Of note, increased expression
of NADH–cytochrome b5 reductase was consistently
noted in aged livers compared to the young samples.
In contrast, although the expression of Cu/Zn SOD
was increased in the aged rat liver by gene array analy-
sis, there was no difference in the expression pattern
when other liver tissues were analyzed by RT-PCR.
These studies further emphasize the importance of
confirming the changes noted on gene arrays by other
more conventional methods and also the need to ana-
lyze different tissue samples given the inherent vari-
ability found in individual in vivo specimens.

To further analyze, on a functional level, age-
associated changes in GST, we measured GST en-
zyme activity in rat and human livers. Despite an ap-
parent increase in gene expression in the aged liver,
GST enzyme activity was not significantly altered in
rat and human livers, although there was a trend to-
ward decreasing GST activity in the aged livers com-
pared with the young samples. Other studies have
demonstrated a significant decrease in antioxidant
enzyme activity with aging.29,33,34  For example, both
Rao et al.29 and Semsei et al.33 have shown a decrease
in the antioxidant enzymes Cu/Zn SOD and catalase
in rat livers with aging. However, Carrillo et al.34

Fig. 3. RT-PCR analysis of additional in vivo young and aged rat livers. A, RNA was extracted from
three additional young (2-month-old) and aged (24-month-old) rat livers. Samples were analyzed by RT-PCR
with primers for NADH–cytochrome b5 reductase (A) and Cu/Zn SOD (B). Primers for the constitu-
tively expressed GAPDH gene were run in the same reactions. RT-PCR results were quantitated using
scanning densitometry and expressed as relative densitometric units after normalizing for GAPDH
(mean � SEM).
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found that, despite a decrease in catalase activity in
aged male rats, catalase activity in aged female rats
was increased compared with that in young rats.
Similar differences in catalase activity have been de-
scribed by Rikans et al.35

In humans the activities of the antioxidant en-
zymes Cu/Zn SOD, glutathione peroxidase, glu-
tathione reductase, and GST were measured in indi-
viduals from 1 month to 63 years of age. An inverse
correlation between age and the enzyme activities of
Cu/Zn SOD, glutathione reductase, and GST was
noted; however, in contrast, glutathione peroxidase
activity increased with aging.36 These findings sug-
gest that there is a variable change in the antioxidant
family members with aging. That is, a general de-
cline in the activities of the antioxidants is not a uni-
versal phenomenon of aging and appears to be de-
pendent on the particular enzyme analyzed. Gene
array studies will further assist in characterizing the
changes in a number of different gene families, which
will then need to be assessed at the functional level. In
our current study we have looked at two extremes of
aging. It will be important to analyze intermediate-age
groups in the future to determine whether a gradient
of expression changes occur with aging or, conversely,
if a certain age must be achieved for these alterations in
expression to occur. In addition, an important question
to address in the future is the effect of stress in the el-
derly on the activity of these enzymes.

Members of the cytochrome P-450 family of
genes were noted to be increased in the aged rat and

human livers. These enzymes serve to detoxify lipo-
philic compounds into water-soluble metabolites by
oxygenation reactions. In addition, other functions
of members of this family include hydroxylation of
steroids and biotransformation of drugs.37 Although
our findings suggest an increase in the expression
levels of these genes, we have not assessed the func-
tional activity of these enzymes with aging to deter-
mine whether the enzyme activity correlates with
actual gene expression levels. This is another impor-
tant aspect of gene array studies that must be consid-
ered. That is, gene expression changes may not cor-
relate with protein expression or functional activity
in the cell. Therefore the significance of expression
changes noted by gene array analysis should be inter-
preted with caution with regard to their actual con-
sequences in the cell.

CONCLUSION

Our results, obtained by gene array analysis, pro-
vide insights into the changes in gene expression pat-
terns associated with the aging process. Further, our
results demonstrate similar increases in the expres-
sion of antioxidant genes, such as GST and NADH–
cytochrome b5 reductase, in the livers of aged rats
and humans. The expression of members of the cy-
tochrome P-450 family of genes was also increased
both in rats and humans, suggesting common regu-
latory pathways for age-associated changes in the

Fig. 4. Glutathione S–transferase activity. A, Cytosolic protein fractions from four young (2-month-old)
(open bars) and four aged (24-month-old) (single-hatched bars) rat livers were analyzed by spectrometry for
the ability of glutathione S–transferase (GST) to conjugate 1-chloro-2, 4-dinitrobenzene (CDNB) activ-
ity. Results are expressed in �mol/min/mg of protein sample (mean � SEM). B, Cytosolic protein frac-
tions from young (1-year-old) (open bars) and aged (78-year-old) (single-hatched bars) human samples ana-
lyzed by spectrophotometry for GST activity (�mol/min/mg protein sample).
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mammalian liver. Delineating the gene expression
profiles that are altered with aging will provide a bet-
ter understanding of the functional changes that oc-
cur in various organs with senescence. This im-
proved understanding may provide novel approaches
to the treatment of aged patients.

We thank Maria Cristina Carillo, Ph.D. (Universidad Nacional de
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odology. We also thank Mr. Tatsuo Uchida for statistical analysis,
and Eileen Figueroa and Karen Martin for manuscript preparation.
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Discussion
Dr. S. Strasberg (St. Louis, MO): I am really not qual-

ified to ask a question about this study except in terms of
experimental design. I find the age selection that you used
to be somewhat unusual and, as a result, I find it difficult
to see how you arrived at your conclusions. You have cho-
sen to study two persons: one, a very young human who is
in development, and the other, a very old human. If you
wanted to make the point that genes get turned on with
aging, it would seem to me that you need persons of other
ages. I think a young adult (i.e., a fully mature human)
should be used for comparison to very old patients
rather than an infant if one is to conclude that genes are
turned off with aging. This study could likewise be in-
terpreted to show that certain genes are turned off dur-
ing development.

Dr. R. Thomas: That is a very good point. We
would like to expand our studies and perform more
gene array experiments using rat and human samples of
different ages. We chose to use our array data as a
“snapshot” of expression changes; therefore our samples
were of young and aged subjects. I think the point is
valid that this is not a comprehensive look at the total
expression changes throughout development of either
rats or human.

Dr. M. Sarr (Rochester, MN): First of all, congratula-
tions on using RT-PCR to confirm the chip analysis; how-
ever, your N value here is only 1 for the humans, and I am
sure you have been expecting this question. You are mak-
ing fairly broad generalizations based on one liver in a
child and one liver in an adult. That is potentially dangerous.

Dr. Thomas: I agree. Again, we understand that this is
a limited number of samples. We plan to extend these
findings. This experiment was a starting point.

Dr. J. Cullen (Iowa City, IA): A number of the genes
that you are looking at or the antioxidants that you are
looking at are actually induced or increased because of an
increase in ROS. In aging there is an increase in ROS be-
cause there is actually a decrease in the major antioxidant
enzymes, manganese SOD, copper zinc SOD, catalase and
glutathione peroxidase. Have you looked at the changes
either in the immunoreactive protein or the activity of
those major antioxidant enzymes?

Dr. Thomas: We did not look specifically at the en-
zyme function of manganese SOD, Cu/ZN SOD, catalase,
or glutathione peroxidase. Our gene array demonstrated
increases in Cu/ZN SOD; however, subsequent RT-PCR
studies identified variable results.

Furthermore, your point is well taken. Although we
confirmed our expression changes by RT-PCR, work is
still needed to complete these investigations at the protein
and enzyme function level.

Dr. S. Ashley (Boston, MA): This is a nice study. I
might have been more interested in what got turned off
with age and what protective mechanisms were lost with
UCVC. Was there anything that was consistent?

Dr. Thomas: We have not completely investigated the
genes that demonstrated a decrease with aging. The decision
to investigate genes that increase with aging was made be-
cause a general conception of the aging process is that there is
a general decline in gene expression and physiologic function.

Henry A. Pitt (Milwaukee, WI): The paper by Dr. Tho-
mas et al. from Galveston explored the effects of aging on
gene expression patterns in the liver. As usual, Dr. Evers
and his colleagues have brought the latest research tech-
niques to a surgical meeting. This gene chip technology is
a very powerful tool for identifying differences between
groups or, in this case, over time, a long time, with aging.

One of the disadvantages, however, is that each study
provides more data than can be easily assimilated. As a re-
sult, years of follow-up work are required after a gene chip
analysis. Another concern about a study like this one we

hear today is that large amounts of data are gathered from
very few tissue specimens. Therefore, the question arises
as to the generalizability of the information.

Another issue is whether data from the liver apply to
other organs. In addition, although data are available from
this study in over 9,000 rat and 13,000 human genes, this
sample is only a small percentage of all the rat and human
genome. Therefore, the choice of genes on a chip does
limit the conclusions that can be drawn from an individual
analysis, even with years of follow-up.
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Mechanisms of Tolerance Induction After Rat Liver 
Transplantation: Intrahepatic CD4
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 T Cells Produce 
Different Cytokines During Rejection and Tolerance 
in Response to Stimulation
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Increasing evidence supports the existence of regulatory T cells that may inhibit the allogeneic immune
response after transplantation by secreting regulatory cytokines. To determine whether rat liver toler-
ance is associated with intrahepatic regulatory T cells secreting a characteristic cytokine profile, we ana-
lyzed the cytokine production of freshly isolated intragraft CD4

 

�

 

 T cells at different times postopera-
tively by semiquantitative reverse transcription–polymerase chain reaction and by enzyme-linked
immunosorbent assay before and after in vitro stimulation. Orthotopic arterialized liver transplantation
was performed in two allogeneic rat strain combinations, one with fatal acute rejection (DA-to-LEW)
and one with long-lasting tolerance (LEW-to-DA) without immunosuppression despite a complete ma-
jor histocompatibility complex mismatch (spontaneous liver tolerance). Liver allografts of both groups
showed continuously increasing cellular infiltration between day 3 and day 7 after transplantation. In this
inflammatory situation, very low levels of interleukin-13 were detectable directly after cell isolation, as
well as after in vitro stimulation. However, after 30 days, intrahepatic CD4

 

�

 

T cells in the tolerance group
were then able to express elevated messenger RNA levels of the anti-inflammatory cytokine interleu-
kin-13 in response to stimulation. This result indicates the presence of an intragraft Th2-like CD4
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 T
cell population, which may have a regulatory function in the induction of liver tolerance. ( J G
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The liver allograft appears to be an immunologi-
cally “privileged” organ that facilitates the induction
of donor-specific tolerance after transplantation. This
is a very important characteristic because the special
situation after transplantation normally requires life-
long suppression of the recipient’s immune system to
inhibit an immune response against the major histo-
compatibility complex (MHC)–incompatible organ.
This life-long immunosuppression entails serious
complications such as drug-specific side effects; bac-
terial, fungal, and viral infections; and an increased
incidence of malignancies.

 

1

 

Therefore a major goal in transplantation re-
search is the induction of donor-specific tolerance in
an adult immune system. Understanding of the cel-
lular and molecular mechanisms of liver-induced tol-
erance is crucial for the success of clinical transplan-
tation. Recent data indicate that immunoregulatory
CD4

 

�

 

 T cells play an important role in preventing
allograft rejection.

 

2,3

 

 The mechanism underlying the
ability of CD4

 

�

 

 T cells to prevent allograft rejection
is not known in detail; however, it seems that they
secrete cytokines in a special profile.

 

4,5

 

 It is well es-
tablished that rat CD4

 

�

 

 T cells can be phenotypi-
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cally divided into subsets based on their expression
of the leukocyte common antigen CD45.

 

6

 

 The two
CD4

 

�

 

 subpopulations, CD45RC

 

�

 

 and CD45RC

 

�

 

 T
cells, have different cytokine profiles: CD45RC

 

�

 

CD4

 

�

 

 T cells produce interleukin (IL)-2 and inter-
feron(IFN)-

 

�

 

, but express only small amounts of IL-4
mRNA, whereas CD45RC

 

�

 

 CD4

 

�

 

 T cells produce
less IL-2 and IFN-

 

�

 

 but express high amounts of IL-4
mRNA.

 

7

 

 Important for the situation after transplan-
tation is that CD45RC

 

�

 

 CD4

 

�

 

 T cells are most ef-
fective in inducing allograft rejection, whereas
CD45RC

 

�

 

 CD4

 

�

 

 T cells are not.

 

8

 

The rat liver allograft model is unique because in
some fully allogeneic rat strain combinations, the
liver is accepted spontaneously. Liver allografts from
Lewis (LEW) donors, for example, are spontane-
ously tolerated in dark agouti (DA) recipients (LEW-
to-DA combination, tolerance [TOL] group), whereas
in the reciprocal DA-to-LEW combination, the liver
allograft will be rejected (rejection [REJ] group) if no
immunosuppression is used.

The immunomodulatory effect of intrahepatic T
lymphocytes was demonstrated by Sun et al.

 

9

 

 in a rat
model of spontaneous liver allograft acceptance. In
the present study, we examined the influence of the
allogeneic situation on the balance of both CD4

 

�

 

 T
cell subsets, CD45RC

 

�

 

 and CD45RC

 

�

 

, in liver
grafts after transplantation. To explain the possible
immunoregulatory role of a special subpopulation of
intrahepatic CD4

 

�

 

 T cells in liver tolerance, we ex-
amined the cytokine production of purified intrahe-
patic CD4

 

�

 

 T cells at different time points after
transplantation in the phase of immune reactivity
and in the phase of acceptance from the TOL and
the REJ groups. The balance between CD45RC

 

�

 

and CD45RC

 

�

 

 CD4

 

�

 

 T cells was analyzed by flow
cytometry, and the cytokine profile of these cells was
compared to those of intrahepatic CD4

 

�

 

 T cells iso-

lated from syngeneic (SYN; control) liver grafts. The
aim of this study was to clarify whether possible reg-
ulatory CD4

 

�

 

 T cells could be detected in accepted
liver allografts by a shift of cytokine production from
a Th1- to a Th2-related cytokine profile.

 

MATERIAL AND METHODS
Orthotopic Rat Liver Transplantation and 
Experimental Design

 

Six- to 8-week-old male inbred DA rats (RT1

 

avl

 

),
weighing 180 to 200 g, served as recipients of LEW
rat (RT1

 

l

 

) livers. All animals were purchased from
Charles River Laboratories (Sulzfeld, Germany) and
were housed in accordance with national and institu-
tional animal care policies. Orthotopic rat liver
transplantation was performed in an arterialized
model with hepatic artery revascularization, as origi-
nally described by Lee in 1975 and modified by us.

 

10

 

The death of one animal before day 2 was attributed
to technical errors, and it was excluded from the
study. Rats undergoing orthotopic liver transplanta-
tion were divided into the following three groups:
SYN (LEW-to-LEW; n 

 

�

 

 30); REJ (DA-to-LEW;
n 

 

�

 

 28); and TOL (LEW-to-DA; n 

 

�

 

 48). To assess
intrahepatic CD4

 

�

 

 T cells within liver grafts, three
animals each from the SYN and TOL groups were
killed in the early phase on days 3, 5, 7, and 14 and in
the late phase on days 30, 60, and 100 after trans-
plantation. From the REJ group, intrahepatic CD4

 

�

 

T cells were analyzed on days 3, 5, and 7 after trans-
plantation (Tables 1 and 2).

 

Evidence of Donor-Specific Tolerance

 

To assess the development of tolerance in the re-
cipients of the TOL group, long-term survivors
(

 

�

 

100 days) received either donor-specific (LEW)

 

Table 1.

 

 Number of rats undergoing liver transplatation needed for each time point (from day 3 to day 100)*

 

Group
Strain 

combination Postoperative days of leukocyte isolation n

 

†

 

3 5 7 14 30 60 100
REJ DA-LEW 8

 

‡

 

6 8

 

§

 

— — — — 22
TOL LEW-DA 6 6 6 6 6 6 6 42
SYN LEW-LEW 6 ND ND 6 ND 6 6 24

 

ND 

 

�

 

 Analysis not done at this time point.
*The intrahepatic leukocytes from two livers were pooled to perform flow cytometric analysis and CD4

 

�

 

 T-cell purification.

 

†

 

Total number of transplanted animals in each experimental group.

 

‡

 

Number of transplanted animals for each time point; intrahepatic leukocytes from two animals were pooled to isolate intrahepatic CD4

 

�

 

 T cells
needed for cytokine detection by ELISA and cytokine mRNA by RT-PCR as described in Material and Methods.

 

§

 

Day 7 was the last time point for analysis of intrahepatic CD4

 

�

 

 T cells from the REJ group because the condition of these animals deteriorated
dramatically.
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or third-party (Wistar-Furth) hearts (n 

 

�

 

 3 each).
Heterotopic cardiac transplantation was performed
according to the method of Ono and Lindsey.

 

11

 

Graft rejection was considered as the complete ces-
sation of palpable cardiac contractions and was con-
firmed histologically.

 

Isolation of Intrahepatic Leukocytes

 

Rats were anesthetized with isoflurane. After lap-
arotomy, the portal vein was exposed and cannulated
with a 21-gauge needle. The liver was perfused with
10 ml of 4

 

�

 

 C saline solution through the portal vein
after the inferior vena cava was opened above the
liver. The blanched liver was then excised, diced into
small pieces with scissors, and gently pressed
through a fine steel sieve. This cell suspension was
incubated for 30 minutes at 37

 

�

 

 C in a shaking water
bath at 80 rpm in the presence of 100 U/ml (final
concentration) collagenase type IV (Sigma, Deisen-
hofen, Germany) and 0.001% (final concentration)
DNase I (Roche Diagnostics GmbH, Mannheim,
Germany). Hepatocyte pellets were obtained from
the cell suspension by centrifugation at 16 

 

g

 

 for 2
minutes at 16

 

�

 

 C. The leukocyte-enriched super-
nates were pooled, centrifuged, and resuspended in
15 ml of sterile 36% (v/v) Percoll solution (Amer-
sham Pharmacia Biotech, Freiburg, Germany). This
solution was layered carefully over 15 ml of 72%
(v/v) Percoll solution in a 50 ml polypropylene cen-
trifuge tube. The gradient was centrifuged at 20

 

�

 

 C
for 30 minutes at 1118 

 

g

 

. Hepatocytes and cell debris
on the top of the 36% (v/v) Percoll solution were
discarded, and intrahepatic leukocytes at the inter-
phase were recovered and washed two times with
phosphate-buffered saline solution (PBS; 140 mmol/L
NaCl, 2.7 mmol/L KCl, 7.2 mmol/L Na

 

2

 

HPO

 

4

 

 

 

�

 

2H

 

2

 

O, 1.47 mmol/L KH

 

2

 

PO

 

4

 

, pH 7.2). The total
number of PBS-washed viable cells (excluding trypan

blue) was determined using a hemocytometer. For
further applications, the intrahepatic leukocytes were
adjusted to 1 

 

�

 

 10

 

7

 

 cells/ml.

 

Flow Cytometry

 

Flow cytometric analysis was performed with a
Becton Dickinson FACScan flow cytometer (Beck-
ton Dickinson, Franklin Lakes, New Jersey) with an
argon ion laser at 488 nm for excitation. List mode
files representing 10,000 cells were collected for
each sample. Data files were analyzed with the Win-
MDI program (The Scripps Research Institute, La
Jolla, California). Data were gated according to the
forward and side scatter signals of the intrahepatic
leukocyte population. Per analysis 5 

 

�

 

 10

 

5

 

 cells were
stained in 50 

 

	

 

l PBS for 20 minutes at 4

 

�

 

 C. The
monoclonal antibodies W3/25 (anti-rat CD4) 

 

12

 

 and
OX-22 (anti-rat CD45RC)

 

13

 

 were used in combina-
tion for typing the CD45RC

 

�

 

 and CD45RC

 

�

 

CD4

 

�

 

T-cell subpopulations. All monoclonal antibodies were
purchased from Serotec (Oxford, United Kingdom).

 

Immunomagnetic Separation of 
Intrahepatic CD4

 

�

 

T Cells

 

CD4

 

�

 

 T cells were isolated from intrahepatic leu-
kocytes in two steps: in the first step all OX-8
(CD8

 




 

-chain)–positive cells (CD8

 

�

 

 and natural
killer cells) were depleted in order to subsequently
select the remaining CD4

 

�

 

 lymphocytes using the
monoclonal antibody R7.3 (anti-

 


�

 

 TCR). The leu-
kocytes were incubated with monoclonal antibody
OX-8 (0.3 

 

	

 

g monoclonal antibody for 10

 

6

 

 positive
cells) for 30 minutes at 4

 

�

 

 C. Dynabeads (CELLec-
tionTM Pan Mouse IgG Kit) (Dynal GmbH, Ham-
burg, Germany) were added at a ratio of four beads
per target cell. Positive selection with monoclonal
antibody R7.3 was performed under the same condi-
tions as described for monoclonal antibody OX-8. In
the second step, the beads were removed from the
positively selected CD4

 

�

 

 T lymphocytes by gently
resuspending the cells in 200 

 

	

 

l prewarmed (37

 

�

 

 C)
RPMI 1640 culture medium containing 166 

 

	

 

g
DNase I (Roche Diagnostics GmbH, Mannheim,
Germany). The RPMI 1640 medium was supple-
mented with 10% heat-inactivated fetal calf serum, 5
mmol/L HEPES, 100 units/ml penicillin, 100 

 

	

 

g/ml
streptomycin, 2 

 

�

 

 10

 

-5

 

 mol/L 2-mercaptoethanol, 1
mmol/L sodium pyruvate, and 1% nonessential
amino acids (all reagents from Life Technologies
GmbH, Karlsruhe, Germany). After 20 minutes, the
tube was placed in a magnet (Dynal MPC) for 1
minute and the supernate with the released cells was
removed to a second tube containing 200 

 

	

 

l RPMI

 

Table 2.

 

 Number of rats undergoing liver 
tranplantation used for determination of recipient 
survival times

 

Group
Strain 

combination
Survival 
(days) n

 

REJ DA-LEW 9, 10 (

 

�

 

4), 12 6
TOL LEW-DA

 

�

 

100* 6†

SYN LEW-LEW �100* 6

*All animals in the SYN group and the three animals in the TOL
group receiving heterotopic LEW hearts were killed without any
signs of rejection 200 days after liver transplantation.
†For determination of tolerance, DA rats undergoing liver transplan-
tation received a heterotopic cardiac allograft from either LEW (n �
3) or Wister-Furth (n � 3) rats.
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medium. The positively selected CD4� T cells were
counted and the purity (�95%) was determined by
flow cytometry.

In Vitro Stimulation

Freshly isolated intrahepatic CD4� T cells (1 � 105

cells per well of a 96-well flat-bottomed culture plate)
were cultured in 200 	l complete RPMI 1640 medium
with plate-bound goat anti-mouse monoclonal anti-
body (30 	g/ml) and incubated at 37� C in 6% CO2 at-
mosphere for 3 hours. Before incubation, the mono-
clonal antibody R7.3 positively selected CD4� T cells
were incubated with anti-CD28 (1 	g monoclonal an-
tibody for 6 � 105 cells) for 30 minutes. For control
purposes, positively selected CD4� T cells were not
stimulated with monoclonal antibody JJ319 but were
cultured under similar incubation conditions.

Quantification of IL-2 and IL-4 in Supernate

Cell-free supernate from six parallel experiments
was collected to determine cytokine levels using en-
zyme-linked immunosorbent assay (ELISA) kits spe-
cific for rat IL-2 and IL-4 (Biosource International
Inc., Camarillo, CA) in accordance with the recom-
mendations of the manufacturer. The lower limits of
detection were 5 pg/ml for IL-2 and 2 pg/ml for IL-4.

Cytokine Reverse Transcription–Polymerase 
Chain Reaction

Total RNA was prepared from 6 � 105 CD4� T
cells treated with TRIzol Reagent (Life Technologies
GmbH, Karlsruhe, Germany) according to the manu-
facturer’s recommendations. The air-dried RNA was
dissolved in 40 	l RNA storage solution (1 mmol/L
sodium citrate, pH 6.4) (Ambion; AMS Biotech-
nology, Wiesbaden, Germany). For cDNA synthesis,
5 	l (nearly 0.2 	g) RNA was reverse transcribed with
MuLV reverse transcriptase (RT; 2.5 U/	l final con-
centration) and Oligo d(T)16 primer (2.5 	mol/L final
concentration) using the Gene Amp RNA polymerase
chain reaction (PCR) kit (Applied Biosystems GmbH,
Weiterstadt, Germany). Five microliters from the re-
sulting cDNA solution were then amplified using spe-
cific oligonucleotides (the forward primer was labeled
with Digoxigenin [DIG]) for the rat cytokines IL-10
and IL-13 and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) as a “housekeeping gene” (synthe-
sized by MWG, Ebersberg, Germany) in a volume of
50 	l 1� PCR buffer (Applied Biosystems GmbH).
The conditions (final concentrations) were 1.5 mmol/L
MgCl2, 0.1 mmol/L dNTPs, 0.25 	mol/L primer,
and 0.05 U/	l AmpliTaq polymerase (Applied Biosys-

tems GmbH). The primers were based on published
sequences.14–16 Annealing temperature, number of cy-
cles, and the predicted product size for each primer
were as follows: IL-10 � 55� C for 30 seconds, 28 cy-
cles, 370 base pairs; IL-13 � 55� C for 30 seconds, 30
cycles, 280 base pairs; GAPDH � 62� C for 30 sec-
onds, 20 cycles, 319 base pairs. Amplifications were
performed under the following conditions: 95� C for
30 seconds and 72� C for 40 seconds. The final ex-
tension step was performed by one cycle at 72� C for
7 minutes.

ELISA-Based Quantification of PCR Products

The amount of PCR amplicons was quantified us-
ing an ELISA-based method as described.17 Forty
microliters of the PCR mixture were hybridized with
0.5 mmol/L of specific biotinylated oligonucleotides
for 30 minutes at 55� C in the PCR cycler. Subse-
quently 5 	l of the DNA hybrids was diluted with
200 	l hybridization buffer (Roche Diagnostics
GmbH, Mannheim, Germany) and transferred to
Streptavidin-coated ELISA plates (Roche Diagnos-
tics GmbH). After incubation with anti-DIG peroxi-
dase-labeled Fab fragments (Roche Diagnostics
GmbH) and then with peroxidase substrate solution
(Roche Diagnostics GmbH), the reaction intensity
was measured as optical density (OD) at 450 nm us-
ing an ELISA reader. Results were expressed using
the following equation: ratio (cytokine/GAPDH) ex-
pression � (OD450 cytokine/OD450 GAPDH).

Statistical Analysis

Experimental data were evaluated for significant
differences using the Mann-Whitney U test; differ-
ences of P � 0.05 were considered significant.

RESULTS

Liver allografts of the TOL group (LEW-to-DA)
were accepted spontaneously without immunosup-
pression. Liver allografts from LEW donors sur-
vived long term (�100 day) in DA recipients without
immunosuppression, despite a complete MHC mis-
match (spontaneous liver tolerance group, n � 6).
To assess the development of liver induced-toler-
ance, donor (LEW)-specific and third-party (Wistar-
Furth)–specific cardiac allografts (n � 3 each) were
transplanted heterotopically into long-term surviv-
ing (�100 days) DA recipients of LEW livers.
Whereas LEW cardiac grafts were accepted for
more than 100 days with no signs of rejection, the
Wistar-Furth (third-party) cardiac grafts were re-
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jected within 8 days. These hearts showed cellular
infiltration with myocyte necrosis (not shown). In
the REJ group (DA-to-LEW; n � 6), the DA liver
allografts lost function within 12 days, and the recip-
ients died of acute graft rejection as shown by histo-
logic examination using hematoxylin and eosin stain.
Recipients (n � 6) of the syngeneic control allografts
(LEW-to-LEW) survived long term without any
signs of allograft dysfunction.

Quantification of intrahepatic leukocytes revealed
dynamic changes in cell number in both the REJ and
TOL groups in the early phase after transplantation.
The number of isolated intrahepatic leukocytes was
determined per liver allograft using a hemocytome-
ter. Liver allografts of both allogeneic combinations
showed a progressive infiltration by leukocytes that
continuously increased until day 7 (Fig. 1). The pro-
portion of intrahepatic leukocytes was largest on day
7 and increased to 17 
 4.3 � 106 cells per gram of
liver tissue compared to the SYN group with 1.9 

1.3 � 106 cells per gram of liver. In the TOL group
this infiltrate decreased continuously after day 14 to
3.2 
 0.13 � 106 cells per gram of liver on day 100.
The number of leukocytes in the SYN group was 1.7

 0.41 � 106 cells per gram liver on day 100. Histo-
logic evaluation of liver biopsies supported these
quantification results (not shown). The liver al-
lografts of both allogeneic combinations, the REJ
and the TOL groups, showed severe acute cellular
rejection with prominent portal and lobular infiltra-
tion in the early phase (days 3, 5, and 7) after trans-
plantation. This infiltrate resolved spontaneously in

liver allografts in the TOL group in the late phase
after transplantation (days 30, 60, and 100).

Persistence of Phenotype-Different CD4� T 
Cells in Both the REJ and TOL Groups

Beginning immediately after transplantation, the
ratio of CD45RC�/CD45RC� CD4� T cells in-
creased over time in both allogeneic groups but was
significantly greater in the REJ group (Fig. 2). This
expansion of CD45RC� CD4� T cells goes parallel
with increasing amounts of activated (IL-2 receptor
positive) T cells (not shown). This indicates that the
recipient’s immune system had initiated an allo-
response against antigens transferred with the
MHC-incompatible liver allograft. The quotient of
CD45RC�/CD45RC� declined after day 5, a reduc-
tion that was more dramatic in the REJ group than
in the TOL group (see Fig. 2). Whereas the animals
in the REJ group died within 12 days, animals in the
TOL group survived this crisis. However, these ani-
mals showed a second increase in the CD45RC�/
CD45RC� quotient after day 14. After day 30, this
quotient dropped continuously, reaching levels on
day 100 comparable to those of the SYN group.

IL-2 production increased more in the REJ group
than in the TOL group. The IL-2 production by in-
trahepatic CD4� T cells isolated from the REJ

Fig. 1. The number of intrahepatic leukocytes from the rejec-
tion (REJ: DA-to-LEW), tolerance (TOL: LEW-to-DA), and
syngeneic (SYN: LEW-to-LEW) groups was analyzed at dif-
ferent time points after transplantation. The cellular infiltra-
tions were comparable in rejected and nonrejected liver al-
lografts and were indicative of an inflammatory situation. For
the REJ group, the last day of analysis was day 7 because the
condition of these animals deteriorated dramatically after
that. The mean and standard deviation of leukocyte values
from four animals in each group are shown.

Fig. 2. Phenotyping of CD4� T-cell subpopulations with
monoclonal antibodies W3/25 (CD4� T cells) and OX-22
(CD45RC). Shown are the CD45RC�/CD45RC� ratios of
intrahepatic CD4� T cells isolated from liver allografts (REJ
and TOL), as well as from isografts (SYN). The increase in
CD45RC� CD4� T cells correlates with an increase in acti-
vated (IL-2 receptor positive) T cells in the early phase. This
observation underlines the fact that long-term survival in
the TOL group is associated with an early immune activation.
The data represent the CD4� CD45RC��/CD4� CD45RC�

ratio within the intrahepatic leukocyte population. Data are
shown as mean 
 standard deviation for four to six animals of
each combination. *Difference between the REJ and TOL
group is significant.
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group in the early phase after transplantation re-
vealed a strong intrahepatic inflammatory milieu.
These CD4� T cells secreted more IL-2 into the su-
pernate than the CD4� T cells isolated from LEW
livers of the TOL group (Fig. 3, A). The in vitro
stimulation increased the IL-2 production of intra-
hepatic CD4� T cells in both groups. Interestingly,
intrahepatic CD4� T cells of the TOL group iso-
lated at different times (days 30, 60, and 100) in the
late phase after transplantation also exhibited this
quality (not shown).

IL-4 production was detectable in the early phase
after transplantation in the REJ group as well as in
the TOL group. In the REJ model, freshly isolated
intrahepatic CD4� T cells produced IL-2 (see Fig. 3,
A) as well as IL-4 (Fig. 3, B) in the early phase after
transplantation, showing that the inflammatory situ-
ation is not influenced by Th1 cytokines alone. Lev-
els of secreted IL-4 detectable in supernates after 3

hours’ incubation without stimulation were higher in
the REJ group than in the TOL group. As described
for IL-2, again the in vitro restimulation increased
cytokine production.

Intrahepatic CD4� T cells differ in their ability to
produce IL-13 in response to stimulation in the early
and late phases after transplantation. As shown in Fig.
2, the ratio of intrahepatic CD45RC� to CD45RC�

CD4� T cells changed dramatically between days 3
and 5 and between days 14 and 30 in the TOL group
compared to the SYN rats. After day 30, the ratio of
CD45RC�/CD45RC� CD4� T cells continuously de-
creased again until day 100, so that the CD4� T-cell
population isolated on days 30, 60, and 100 showed a
dominance of T cells with the CD45RC� phenotype.
T cells isolated at these time points were able to express
IL-13 mRNA in response to in vitro stimulation (Fig.
4). CD4� T cells isolated from syngeneic liver grafts
did not express such levels of IL-13 mRNA after stim-

Fig. 3. IL-2 (A) and IL-4 (B) cytokine production by intrahepatic CD4� T cells isolated from liver al-
lografts in the rejection (REJ) and tolerance (TOL) groups in the early (days 3, 5, and 7) phase after liver
transplantation. The inflammatory situation in the early phase after transplantation is influenced by Th1
(IL-2) and Th2 (IL-4) cytokines. Shown are the mean and standard deviation of the cytokine values ob-
tained from supernates harvested after 3 hours of culture under unstimulated conditions. The results
shown are representative of four animals. *Significant.
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ulation as CD4� T cells from the TOL group did.
This suggests that after liver transplantation, a defined
T-cell population shows differences in its ability to
produce cytokines in response to stimulation at differ-
ent times after transplantation. These intragraft Th2-
like CD4� T cells may have a regulatory function in
the induction of liver tolerance. In contrast, the IL-10
production of these cells did not differ from that of
CD4� T cells isolated from syngeneically transplanted
livers (not shown).

DISCUSSION

The incompatibility of the MHC between the
foreign organ and the recipient constitutes a major
barrier to allograft acceptance,18 because the donor
organ is rejected unless the recipient is given immu-
nosuppressants. Liver allografts break this paradigm
because, despite a complete MHC mismatch, they
are often not rejected, even in the absence of immu-
nosuppression.19 There are published observations
that appear to indicate that intragraft passenger leu-
kocytes are required for this spontaneous form of
liver acceptance.20,21 The mechanism, however, is
not known in detail. In this study we differentiated
between the two intrahepatic CD4� T-cell subpopu-
lations, CD45RC� and CD45RC�, by analyzing the
changes in their ratios after transplantation. Several
studies indicate that the switch from CD45RC� to
CD45RC� (activated or memory) cells is induced by
antigen encounter.22 These studies indicate that the
level of expression of CD45RC correlates with rest-
ing and/or naive (CD45RC�) T cells and activated or
memory (CD45RC�) T cells.8 CD45RC�/CD45RC�

CD4� T cells increased in the early phase after
transplantation, and this increase correlates with ele-
vated levels of activated (IL-2 receptor positive) T
cells, an indication that this phase is characterized by
an inflammatory process based mainly on the activa-
tion of CD4� T cells. This indicates that liver al-
lograft tolerance in the TOL group was associated
with an intrahepatic activation process in the early
phase between days 3 and 7 and between days 14 and
30. After day 30, the levels of activated (CD45RC�)
CD4� T cells decreased continuously. In response to
the 3-hour in vitro stimulation with monoclonal an-
tibodies R7.3 and JJ319, these isolated CD4� T cells
exhibited increased mRNA levels of the Th2 cyto-
kine IL-13. Intrahepatic CD4� T cells of the SYN
control rats showed a constant CD45RC�/CD45RC�

ratio over the same time, and these cells were not able
to produce increased amounts of IL-13 mRNA after
restimulation.

Although different immune mechanisms are in-
volved in the rejection reaction of vascularized al-
lografts, CD4� T cells play a predominant role in
triggering and controlling this process. However, dis-
tinct regulatory subpopulations of CD4� T cells are
able to control the allogeneic immune response and
are therefore able to induce nonresponsiveness in al-
loreactive T cells. Since Bretscher and Cohn23 first
defined T-cell tolerance mechanisms in terms of dele-
tion and anergy in 1970,23 it has been clear that dis-
tinct regulatory T cells are relevant to the control of
alloimmune responses. CD4� T cells affect the allore-
sponse toward rejection or tolerance through the pro-
duction of different cytokine profiles. Studies using
animal transplant models have clearly demonstrated
their involvement in both processes.25 Accumulated
data support the role of immunosuppressive CD4� T
cells, although the precise mechanism underlying
their ability to prevent allograft rejection is presently
unknown.26 It has been suggested that immune devia-
tion toward a Th2 response may be involved27; how-
ever, direct evidence that Th2 cells are responsible for
maintaining survival of allografts has not been re-
ported.28 In some situations, however, Th2 cell in-
volvement has a detrimental effect, for example, in the
development of chronic rejection.29

Cytokines are small soluble proteins that are im-
portant mediators of the immune system. They reg-
ulate a variety of immune and locally inflammatory
responses by affecting proliferation, differentiation,
and the functioning of the various immunocompe-
tent cells involved in these processes. Quantitation
of cytokines involved in tolerance induction is essen-
tial for gaining insight into the local immune process
of the liver allograft. At present, it is not clear whether
IL-13 is involved in tolerance induction of liver al-
lografts, although it shares many biologic functions
with IL-4. IL-4–producing regulatory Th2-like CD4�

T cells have been identified as mediators of tolerance
in some cases.30 Both cytokines inhibit the production
of inflammatory cytokines such as IL-1, IL-6, and tu-
mor necrosis factor-alpha, and thus negatively regulate
the inflammatory process.31

For clinical liver transplantation, identification of
the precise mechanisms underlying liver allograft
tolerance is essential to minimize or avoid the need
for immunosuppressive treatment of patients under-
going liver transplantation. Identification of the
nature of regulatory cells that mediate tolerance
induction is thus a major goal in the field of trans-
plantation immunology. Immunoregulatory T cells
may also be an important diagnostic tool for moni-
toring the tolerance process. Further investigations
are necessary to clarify the function of the IL-13–
producing intrahepatic CD4� T cells described here.
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It is not clear whether these cells are present in the
liver allograft only or if they also occur in the periph-
eral blood system. It is important that these cells and
their products be characterized to enable their use
for therapeutic purposes.

CONCLUSION

In the present study we examined the cytokine
production of intrahepatic CD4� T cells isolated at
different times after transplantation to identify possi-
ble regulatory T cells according to their cytokine pro-
duction. After day 30, the intrahepatic T-cell popula-
tion was able to produce increased mRNA levels of
the Th2 cytokine IL-13 after stimulation with anti-
TCR and anti-CD28 monoclonal antibodies in vitro.
This is in contrast to the ability of CD4� T cells iso-
lated on day 3 after transplantation; they did not
produce IL-13 after in vitro stimulation. It appears
that the intrahepatic CD4� T cells isolated in the
early and late phases after transplantation differ in
their ability to induce type 1 and type 2 immune re-
sponses. The presence of these possibly immunoreg-
ulatory cells in the late phase after transplantation
seems to be characteristic of livers that are not re-
jected. Future studies will attempt to characterize the
functional importance of these intrahepatic T cells in

the late phase after transplantation, especially their
ability to secrete a Th2-dominated cytokine profile.

We gratefully acknowledge the skillful technical assistance of Mrs.
J. Grimmer.
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Geranylgeranylacetone Suppresses Inflammatory 
Responses and Improves Survival After Massive 
Hepatectomy in Rats

 

Hironobu Oda, M.D., Hidenori Miyake, M.D., Takashi Iwata, M.D., Kenji Kusumoto, M.S., 
Kazuhito Rokutan, M.D., Seiki Tashiro, M.D.

 

Overproduction of heat shock protein 70 (HSP70) in the liver protects hepatocytes under various patho-
logic conditions. In this study we examined the effects of a nontoxic HSP70 inducer, geranylgeranylace-
tone (GGA), on acute hepatic failure after 95% hepatectomy in rats. When GGA (100 mg/kg) or vehicle
was intragastrically administered to rats 4 hours before 95% hepatectomy, all 25 rats pretreated with ve-
hicle died within 60 hours after the operation, whereas 10 of 25 rats pretreated with GGA survived. Dur-
ing the 24-hour postoperative period, GGA significantly suppressed the release of aspartate or alanine
aminotransferase and elevation of the serum interleukin-6 level, and completely inhibited an increase in
the serum level of tumor necrosis factor-alpha. Histologic examinations showed that GGA prevented
hemorrhagic necrosis, which was observed in vehicle-treated livers more than 12 hours after the opera-
tion. During the 24-hour postoperative period, HSP70 induction was absent in remnant livers of vehicle-
treated rats. In contrast, GGA stimulated the HSP70 mRNA expression and HSP70 accumulation within
4 hours, and viable hepatocytes contained abundant HSP70 in their nuclei. Our results suggest that GGA
may prevent acute liver failure after massive hepatectomy, at least in part, by enhancing HSP70 induction
in the remnant liver. (J G
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Recent advances in surgical procedures and peri-
operative management have made it possible to facil-
itate aggressive, extended hepatectomy for radical
treatment of malignant liver tumors. However, man-
agement of postoperative liver failure is still one of
the most challenging problems. The liver has a high
regeneration potential. Surgical removal of more
than one third of the liver results in a highly syn-
chronized cell reentry pattern, reaching peak S-phase
activity at 24 to 48 hours, maximal mitosis at 72 hours,
and cessation of cell proliferation at 96 hours.

 

1

 

 Rats
undergoing greater than 90% hepatectomy have been
known as a model of acute, fatal liver failure,

 

2,3

 

 and
most of these rats die within 24 hours and cannot
survive until the onset of regeneration. However,
once they have passed through this acute phase,
their livers may be able to reestablish normal organ
histology.

Acute hepatic failure after massive hepatectomy
may be simply explained by hemodynamic and meta-
bolic overloading on the extremely small mass of
residual, functional liver. In fact, portal-systemic
shunts have been shown to significantly improve the
early survival rate.

 

4

 

 The overload-induced damage
was considered to be aggravated additionally by many
factors such as disturbances of hepatic microcircula-
tion,

 

5

 

 endotoxemia,

 

5–7

 

 and overproduction of inflam-
matory cytokines

 

8–10

 

 and reactive oxygen intermedi-
ates,

 

11

 

 leading us to believe that distinct agents that
protect hepatocytes against the insult-induced dam-
age during the critical period may improve the sur-
vival rate after massive hepatectomy.

A stress-inducible heat shock protein 70 (HSP70)
is one of the best-known endogenous factors pro-
tecting cell and tissue injuries under various patho-
logic conditions.

 

12–14

 

 Overproduction of HSP70 in
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the liver induced by whole-body hyperthermia

 

15–18

 

or ischemic preconditioning

 

19

 

 was shown to increase
resistance to ischemia/reperfusion injury

 

15,16,19

 

 and
damage caused by hepatotoxic compounds.

 

17,18

 

 We
were particularly interested in the action of a non-
toxic HSP70 inducer, geranylgeranylacetone (GGA).

 

20

 

GGA was originally introduced as a nontoxic HSP70
inducer that effectively exhibited protective actions
on gastric mucosa.

 

20

 

 A subsequent study showed that
this compound could enhance the heat shock re-
sponse and suppress ischemia/reperfusion injury in
rat livers.

 

21

 

 In this study we examined whether GGA
could improve the survival rate of rats undergoing
95% hepatectomy.

 

MATERIAL AND METHODS
Animals and Reagents

 

The animals used in these experiments were male
Wistar rats weighing 250 g. They were purchased
from Charles River Japan, Inc. (Kanagawa, Japan).
These rats were individually housed in wire-mesh
cages in a room maintained at 23

 

�

 

 C on a 12-hour
light-dark cycle. They were allowed free access to a
standard laboratory chow (Oriental Yeast Co., To-
kyo, Japan) and tap water. 

 

�

 

-Tocopherol and GGA
supplemented with 2 

 

�

 

g/ml 

 

�

 

-tocopherol as an anti-
oxidant were provided by Eisai Co. (Tokyo, Japan).
These agents were stored at 4

 

�

 

 C in brown glass vials
filled with nitrogen gas until they were used. The an-
imals were handled and cared for in accordance with
guidelines set forth by the National Institutes of
Health. The experiments and procedures were ap-
proved by the Animal Care and Use Committee of
the University of Tokushima.

 

Administration of GGA and Hepatectomy

 

After an overnight fast, animals were given GGA
(100 mg/kg body weight; as emulsion with 5% gum
arabic and 0.004% 

 

�

 

-tocopherol) or vehicle (5%
gum arabic emulsion containing 0.004% 

 

�

 

-tocoph-
erol). GGA or vehicle was administered intragastri-
cally in a volume of 5 ml/kg by means of a metal tube
attached to a 5 ml syringe at 10 

 

A

 

.

 

M

 

.
Surgical procedures were performed at 2 

 

P

 

.

 

M

 

. un-
der general anesthesia with diethyl ether. Removal of
95% of the hepatic tissue was performed by the
method of Higgins and Anderson,

 

22

 

 with minor
modifications as described by Kubota et al.

 

23

 

 Hepatic
arteries and portal vein branches entering lobes to be
resected were ligated and divided. To avoid bleeding
from the cut wedge of the liver parenchyma, the
pedicles of the lobes were transfixed with 3–0 nylon
sutures before the hepatic lobes were resected. With

this method, the left lobe, median lobe, right lobe,
and anterior portion of the caudate lobe were sequen-
tially removed without constricting the inferior vena
cava or causing any bleeding. The posterior portion of
the caudate lobe was left unresected. We also con-
firmed that this operation removed liver tissue corre-
sponding to 95.87 

 

�

 

 0.09% (n 

 

�

 

 15) (minimum
93.79%; maximum 96.99%) of the total wet weight.
All rats were given 10 ml/kg of 5% glucose solution
No. 12557105 subcutaneously immediately after com-
pletion of the surgery, and all rats were allowed free
access to 10% glucose solution after they recovered
from the anesthesia. All surgical procedures were
completed within 25 minutes. Signs of distress and
survival were monitored for up to 1 week.

 

Sampling

 

Blood was collected from the inferior vena cava
immediately or at 4, 8, 12, 16, and 24 hours after
hepatectomy under general anesthesia with diethyl
ether. The residual liver was also removed at these
time points. After the wet weight of the livers was
measured, they were subjected to histologic exami-
nation or Northern and Western blot analysis. Se-
rum was immediately separated, and the activities
of aspartate (AST) and alanine (ALT) aminotrans-
ferases were measured using AST and ALT assay kits
(Roche, Basel, Switzerland), respectively. Serum lev-
els of tumor necrosis factor-alpha (TNF-

 

�

 

) and inter-
leukin-6 (IL-6) were measured with enzyme-linked
immunosorbent assay (ELISA) kits (Bio Source Inter-
national, Camarillo, California).

 

Measurment of HSP70 mRNA
and Protein Levels

 

Total RNA was prepared by homogenizing liver
tissues with an acid guanidinium thiocyanate-
phenol-chloroform mixture (Isogen; Nippon Gene,
Toyama, Japan).

 

20

 

 An equal amount of RNA (20 

 

�

 

g
per lane) was separated in a 1% agarose-formalde-
hyde gel and transferred to a nylon membrane filter
(Hybond-N-plus; Amersham Pharmacia, Piscataway,
New Jersey). Blots were prehybridized and then hy-
bridized with a 

 

32

 

P-labeled cDNA probe for human
HSP70 or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), as previously described.

 

20

 

 These mem-
branes were exposed to Kodak X-Omat x-rays for an
appropriate period of time at 

 

�

 

80

 

�

 

 C.
For immunoblot analysis, the resected tissues

were immediately snap-frozen with stainless steel
tongs precooled in liquid nitrogen and stored at

 

�

 

80

 

�

 

 C. The frozen specimens (approximately 40
mg) were homogenized in three volumes of lysis
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buffer consisting of 10 mmol/L Tris-HCl (pH 7.8),
0.5% polyethylene glycol para-isooctylphenylether,
150 mmol/L NaCl, 1 mol/L phenylmethylsulfonyl
fluoride, and 0.1 U/ml aprotinin. The homogenates
were centrifuged at 15,000 

 

g

 

 for 15 minutes at 4

 

�

 

 C.
An equal amount of protein in the supernates (40 

 

�

 

g
protein per lane) was separated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) in a 10% polyacrylamide gel and transferred
to a polyvinylidene difluoride membrane. After non-
specific binding sites were blocked with 4% purified
milk casein, the blots were incubated with a mono-
clonal antibody against HSP70 (Santa Cruz Biotech,
Santa Cruz, California). Bound antibodies were de-
tected with an enhanced chemiluminescence West-
ern blot detection kit (Amersham Pharmacia).

 

Histologic Examination

 

Liver tissues were fixed in 10% buffered formalin
and stained with hematoxylin and eosin. For im-
munohistochemical detection of HSP70-expressing
cells, samples were fixed overnight in Bouin’s solu-
tion and immersed in 50% ethanol for 24 hours and
then in 70% ethanol for 24 hours. Specimens were
embedded in paraffin. These specimens were cut
into sections 4 

 

�

 

m thick. They were deparaffinized
and hydrated through xylene and graded ethanol.
Endogenous peroxidase activities were quenched by
incubating the sections with 0.3% hydrogen perox-
ide in methanol for 30 minutes. After blocking non-
specific binding sites with 1% mouse serum in phos-
phate-buffered saline solution for 20 minutes, the
sections were incubated for 1 hour with a mouse mono-
clonal antibody against HSP70 (StressGen Biotech,
Victoria, Alberta, Canada) at room temperature. After
being washed with phosphate-buffered saline, bound
antibodies were visualized with an avitin-biotin-per-
oxidase system (Nichirei, Tokyo, Japan). A normal
mouse IgG was used to assess nonspecific reactions.

 

Statistical Analysis

 

Analysis of variance and Scheffé’s test were used
to determine statistically significant differences. Dif-
ferences were considered significant at 

 

P

 

 

 

�

 

 0.05.

 

RESULTS
Effects of GGA on Survival After
95% Hepatectomy

 

Initially we determined an optimal dose of GGA
by monitoring 7-day survival rates after 95% hepatec-
tomy. Vehicle or GGA at different doses (1, 10, 25,

50, 100, and 200 mg/kg) were intragastrically admin-
istered to five rats in each group 4 hours before the
operation. As shown in Fig. 1, 

 

A

 

, all of the rats pre-
treated with vehicle or GGA at dosages of 1 and 25
mg/kg died within 60 hours, whereas 60% of the rats
pretreated with GGA at dosages of 50, 100, or 200
mg/kg survived. After this time point, rats treated
with 100 mg/kg GGA appeared to show a better
clinical course; therefore we chose 100 mg/kg GGA
for this study.

Half of the rats (n 

 

�

 

 25) were given GGA (100
mg/kg; as emulsion with 5% gum arabic and 0.004%

 

�

 

-tocopherol), and the other half (n 

 

�

 

 25) were
given vehicle (5% gum arabic emulsion containing
0.004% 

 

�

 

-tocopherol). Four hours later, these rats
were subjected to 95% hepatectomy by a blind oper-

Fig. 1. Effects of GGA on survival after 95% hepatectomy. A,
Each group of rats (n � 5 per group) was given a different
dose of GGA (1, 25, 50, 100, and 200 mg/kg) or vehicle. Four
hours later, 95% hepatectomy was performed, and survival
was monitored for up to 160 hours. B, Rats pretreated with
100 mg/kg GGA (n � 25) or vehicle (n � 25) were subjected
to 95% hepatectomy, and their survival rates were pursued.
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ator. As shown in Fig. 1, 

 

B

 

, all of the vehicle-treated
rats died within 60 hours, whereas approximately
40% of the GGA-treated rats were able to survive.

Fig. 2, 

 

A

 

 shows the posterior portion of the cau-
date lobe left unresected immediately after the oper-
ation. During the 24-hour postoperative period, the
wet weight of the residual liver was unchanged both
in vehicle-treated and GGA-treated rats. Although
approximately one third of the rats treated with
GGA died within 48 hours, the liver weights began
to increase at 48 hours and gradually recovered to
4.81 

 

�

 

 0.11 g (n 

 

�

 

 8) on day 7 in the GGA-treated
rats. As shown in Fig. 2, 

 

B

 

, the reconstituted liver
showed normal histogenesis on day 7. In contrast, in
vehicle-treated rats the liver weight failed to increase
(Fig. 2, 

 

C

 

), and all of the rats died within 60 hours.

 

Effects of GGA on Serum Levels of 
Transaminase, TNF-

 

�

 

, and IL-6

 

After 95% hepatectomy, serum AST and ALT
levels in vehicle-treated rats continued to be elevated
until 24 hours (Fig. 3), at which time, one-fourth of
the rats died (see Fig. 1, 

 

B

 

). In GGA-treated animals,
serum AST levels showed a similar increase until 16
hours and then decreased at 24 hours (Fig. 3, 

 

A

 

).
GGA treatment significantly suppressed the eleva-
tion of the serum ALT level at 8 hours and later (Fig.
3, 

 

B

 

). The magnitude of the surgical invasion was
also assessed by measuring serum levels of TNF-

 

�

 

and IL-6. In vehicle-treated rats, 95% hepatectomy
significantly increased serum levels of IL-6 (Fig. 4,

 

A

 

) and TNF-

 

�

 

 (Fig. 4, 

 

B

 

) with peaks at 8 and 16
hours, respectively. In contrast, pretreatment with
GGA significantly suppressed the elevation of IL-6
at 8 and 16 hours (see Fig. 4, 

 

A

 

) and almost com-
pletely inhibited TNF-

 

�

 

 production after the sur-
gery (see Fig. 4, 

 

B

 

).

 

Effects of GGA on Histologic Changes After 
95% Hepatectomy

 

After removal of 95% of the liver, congestion of the
remnant liver developed rapidly and progressively.
During the initial 6 to 8 hours after the surgery, vacu-
olation and chromatin condensation in hepatocytes
were similarly observed in both GGA-treated and ve-
hicle-treated livers. After this time, the lobular struc-
ture was later disturbed and massive hemorrhagic ne-
crosis was observed to various extents after more than
12 hours in vehicle-treated livers (Fig. 5, 

 

A

 

). Repre-
sentative light micrographs with a high magnification
showed that neutrophils infiltrated areas of hemor-
rhagic necrosis. Most of the hepatocytes were exten-
sively vacuolated, and various sizes of eosinophilc, hy-
aloid bodies were observed both inside and outside of
the cells (Fig. 5, 

 

B

 

). In contrast, the structure of he-
patic lobule remained relatively stable, and hemor-
rhagic necrosis was scarcely visible in GGA-treated
livers (Fig. 5, 

 

C

 

). Extensive vacuolation and hyaloid

Fig. 2. Reconstitution of the liver after 95% hepatectomy. A, The posterior portion of the caudate lobes
left unresected is shown. B, After 95% of the liver was removed in rats pretreated with 100 mg/kg GGA,
a typical regenerated liver 7 days after the operation is shown. C, Changes in total wet weight of liver tis-
sue after 95% hepatectomy are summarized. Each value is mean � SD in the eight surviving rats, except
in four vehicle-treated rats at 48 hours.
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body formation in hepatocytes and neutrophils was
not observed in the GGA-treated tissues (Fig. 5, 

 

D

 

).

 

Effects of GGA on HSP70 Induction After
95% Hepatectomy

 

In vehicle-treated livers, HSP70 mRNA expression
(Fig. 6, 

 

A

 

) and HSP70 induction (Fig. 6, 

 

B

 

) were not ob-
served during the 24-hour postoperative period. In con-

trast, significantly higher levels of HSP70 were already
present in the tissue of GGA-treated rats at time 0, and
pretreatment with GGA stimulated HSP70 mRNA ex-
pression (see Fig. 6, 

 

A

 

) and HSP70 accumulation (Fig.
6, 

 

B

 

 and 

 

C) within 4 hours after the operation.
Immunohistochemical analysis showed that 12

hours after the surgery accumulation of HSP70 was
less in the vehicle-treated tissue (Fig. 7, A and B),

Fig. 3. Serum AST and ALT levels after 95% hepatectomy.
Rats were pretreated with 100 mg/kg GGA or vehicle and sub-
jected to 95% hepatectomy. Serum AST (A) and ALT (B) lev-
els were measured immediately (0) or at 4, 8, 16, and 24 hours
after hepatectomy. Values are mean � SD, n � 8. #Signifi-
cantly different vs. vehicle-treated cells at the respective time
points (P � 0.05 by analysis of variance and Scheffé’s test).

Fig. 4. Serum IL-6 and TNF-� levels after 95% hepatec-
tomy. Serum IL-6 and TNF-� levels were measured immedi-
ately (0) or at 4, 8, 16, and 24 hours after the operation by
ELISA methods as described in Material and Methods. Val-
ues are mean � SD, n � 8. #Significantly different vs. vehicle-
treated cells at the respective time points (P � 0.05 by analysis
of variance and Scheffé’s test).
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whereas the parenchymal hepatocytes in GGA-
treated rats contained HSP70 preferentially in their
nuclei as well as in cytoplasm (Fig. 7, C and D).
These results were consistent with those of Western
blot analysis.

DISCUSSION

Massive ablation of the rat liver (	90%) was a
model for acute, lethal hepatic failure, invariably
resulting in death in 100% of the animals within 40
hours without regeneration in the liver remnant.2,3

Subsequent studies showed that a high rate of sur-
vival could be achieved by careful attention to sur-
gical technique and blood sugar levels, and as a con-
sequence, the minimum residual mass critical for
regeneration and survival could be lowered to less
than 10% of the total liver weight.23,24 According to
the method of Kubota et al.,23 we challenged 95%
hepatectomy, but all of the operated rats died
within 60 hours even under the most careful man-
agement. Using this model, we examined the effects
of GGA that was introduced as a nontoxic HSP70
inducer.20

We have already shown that GGA could directly
activate heat shock factor 1 (HSF1) and induce the
HSP70 mRNA expression and accumulation of
HSP70 in gastric mucosal cells, both in vitro and in
vivo.20 When 125 mg/kg of [14C]GGA was intragas-
trically administered to rats, plasma concentrations
of GGA reached 10�6 to 10�5 mol/L with a peak at
3 hours, and approximately 3 �moles/g tissue of
GGA was recovered in the liver with a peak at 4
hours.25 However, uptake by the rat liver was only
5% of the uptake by the gastric mucosa.25 We ad-
ministered GGA (200 mg/kg) intragastrically twice
a day for up to 3 days, but failed to detect HSP70
induction in rat livers (date not shown). Thus GGA
is not likely to be a potent HSP70 inducer for the
liver, possibly because of the higher GGA-metabo-
lizing activities (i.e., 
- and �-oxidation activities) in
hepatocytes. On the other hand, Yamagami et al.21

reported that GGA itself did not directly induce
HSP70, but it markedly augmented the heat shock
response in the rat liver, leading to the suppression
of ischemia/reperfusion injury. More recently it has
been shown that when oral administration of GGA
was continued for 3 weeks (200 mg/kg twice a day),
GGA enhanced HSP70 induction in transplanted

Fig. 5. Light micrographs of residual liver tissues. Residual liver tissues were removed from rats treated with
vehicle (A and B) or 100 mg/kg GGA (C and D) 16 hours after 95% hepatectomy. These tissues were sub-
jected to staining with hematoxylin and eosin. (Original magnifications: A and C, �20; B and D, �100.)
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livers and prevented warm ischemic injury in recipi-
ent rats.26

Based on this information, we were able to pre-
cisely evaluate the HSP70-inducing action of GGA
on hepatocytes.27 GGA was not a potent transcrip-
tional activator of the HSP70 gene in hepatocytes.

However, once hepatocytes were primed with GGA,
they drastically increased their capacity for induction
of HSPs, in particular HSP70, when exposed to hy-
drogen peroxide or ethanol. Consequently GGA-
treated hepatocytes exhibited high resistance to these
insults.27 The priming effect of GGA was linked to
enhanced activation of HSF1, including accelerated
nuclear translocation, phosphorylation, and DNA-
binding activity of HSF1.27 These results suggest
that GGA may exert a protective action on hepato-
cytes, as was observed in gastric mucosal cells, if
GGA could be effectively delivered to the liver and
concentrated therein.

GGA was slowly absorbed from the small intes-
tine and could be concentrated in the remnant liver
in our experimental model. After 95% hepatectomy,
the residual tissue in vehicle-treated rats was so
severely damaged that it could not induce HSP70.
Even under these stressful conditions, the GGA-pre-
treated tissue was able to induce HSP70 during the
initial 24 hours of the postoperative period. Other
factors besides HSP70 may make GGA-treated
hepatocytes sufficiently viable to synthesize HSP70.
However, the GGA-treated tissue already contained
significantly higher levels of HSP70 immediately af-
ter the operation (time 0). Once hepatocytes were
primed with GGA, they could rapidly and markedly
upregulate HSP70 induction.27 Overproduction of
HSP70 has been demonstrated to suppress tissue
damage caused by reactive oxygen intermediates, 28

endotoxin,29 and inflammatory cytokines such as
TNF-�.30 All of these aggravating factors have been
considered to participate in acute hepatic failure af-
ter massive hepatectomy,5–11 suggesting an impor-
tant role for HSP70 in protection against this acute
hepatic failure. At present, the pharmacologic ac-
tions of GGA on hepatocytes have not been fully
studied; therefore other factors besides HSP70 may
be involved in the protection by GGA. However,
hepatocytes expressing abundant HSP70 may display
higher resistance to the hepatocyte-damaging factors
during the initial 24 hours of the postoperative pe-
riod. There was no difference in histologic changes
during the initial 8 hours, whereas GGA prevented
the development of acute hemorrhagic necrosis, which
was observed 16 hours or more after the operation.
Consistent with the histologic differences between
GGA and vehicle treatments, elevation of serum
transaminase levels subsided within 24 hours in the
GGA-treated tissue but not in the vehicle-treated
tissue.

GGA pretreatment significantly suppressed eleva-
tion of the serum IL-6 level and almost completely
inhibited TNF-� production. Recently GGA has
been shown to suppress the elevation of serum

Fig. 6. Expression of HSP70 mRNA and protein after 95%
hepatectomy. Total RNA and tissue protein were extracted at
the indicated hours after 95% hepatectomy, as described in
Material and Methods. Total RNA was subjected to North-
ern blot analysis with cDNA probes for human HSP70 and
GAPDH. A, Representative changes in the HSP70 mRNA
level. B, An equal amount of tissue protein (20 �g protein per
lane) was subjected to Western blot analysis with an anti-
HSP70 antibody. C, Levels were quantified by densitometric
analysis, and each HSP70 level relative to that at time 0 in ve-
hicle-treated tissue was calculated. Values expressed as fold
increases are mean � SD, n � 8. #Significantly different vs.
vehicle-treated cells at the respective time points (P � 0.05 by
analysis of variance and Scheffé’s test).
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TNF-� in warm ischemic injury in a rat liver trans-
plantation model.31 We tested whether GGA di-
rectly suppressed the activation of nuclear factor-
B
in primary cultures of rat hepatocytes exposed to hy-
drogen peroxide or ethanol and found that GGA
pretreatment did not modify the insult-induced nu-
clear factor-
B activation.27 The release of IL-6 and
TNF-� may simply reflect accompanying inflamma-
tion and tissue damage. It is still possible that GGA
may directly suppress the activation of Kupffer cells,
which are a major source of inflammatory cytokines
after hepatectomy.32 Further studies are required to
address the mechanism by which GGA suppresses
the cytokine release.

The present study was focused on the effects of
GGA on the acute stage of the lethal hepatectomy
model. Although we confirmed that GGA itself did
not stimulate the growth of gastric mucosal cells and
hepatocytes in vitro33 (other data not shown), the ef-
fects of GGA on their regeneration should be exam-
ined using a nonlethal hepatectomy model. Recently
several novel approaches have been applied to im-
prove regeneration and survival rates after massive
hepatectomy, such as transplantation of immortal-
ized hepatocytes34 and telomerase gene delivery.35

Compared with these approaches, GGA has been
widely used in Japan as an antiulcer drug for more
than 15 years without any adverse effects. The
present study suggests that this nontoxic HSP70 in-
ducer may provide a therapeutic benefit for aggres-
sive, extended hepatectomy for radical treatment of
malignant liver tumors.
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Discussion
Dr. K. Behrns (Chapel Hill, NC): You nicely

showed yesterday that in primary hepatocytes GGA
is involved with the apoptosis and the caspases, but
this model has hemorrhagic necrosis. So what do you
think are the operative pathways that allow GGA
protection?

Dr. H. Oda: GGA can prevent both necrosis and
apoptosis because necrosis and apoptosis must share
common targets against insults in the very early
stage. So I think GGA can protect these common
targets.

Dr. Behrns: How about the JNK pathway?
Dr. Oda: In this model, damage was so severe that

we could not evaluate apoptotic pathways, such as
activation of JNK.

Dr. E. Klar (Heidelberg, Germany): You placed a
great deal of emphasis on the induction of heat shock
protein, but that is expressed only a couple of hours
after drug administration. So I am wondering why
you chose only 4 hours of time before the main ex-
periment to administer GGA and why you did not
go further forward 6 or 12 hours to reach a heat

shock protein expression peak at the time when you
induced trauma? Why was it not applied earlier?

Dr. Oda: After an oral administration, we found
that GGA was slowly accumulated in the liver with a
peak at 4 hours.

Dr. Klar: But after hepatic ischemia/reperfusion
injury, we saw that heat shock protein is expressed
much later. Only heat shock protein mRNA is ex-
pressed within 4 hours.

Dr. K. Rokutan: I am a coauthor. As to the first
question, we determined what the effective period was
to enhance HSP70 induction in the liver after oral ad-
ministration, and we found that 4 hours of pretreat-
ment was the best to effectively enhance the HSP70
induction after surgery. As to the second question,
GGA mainly exerted protective actions by priming
livers for enhanced HSP70 induction after the hepatec-
tomy. Four-hour treatment with GGA already in-
duced a significant amount of HSP70 before the oper-
ation and markedly enhanced HSP70 induction during
the acute phase of the postoperative period. That is
the best condition for treatment with GGA.

Henry A. Pitt, M.D. (Milwaukee, WI): This paper
demonstrates in a rat model of post-hepatectomy liver fail-
ure that a single preoperative dose of geranylgeranylace-
tone, GGA, improves survival by enhancing heat shock
protein response. This paper adds to the ongoing body of
data suggesting that protection of ischemia-reperfusion in-
jury improves outcome. This paper also confirms that the
ischemic preconditioning strategy, which also induces heat
shock protein, may be wise.

Like many good studies, this paper asks more questions

than it answers. For example, would multiple preoperative
doses of GGA be better than one? Would the administra-
tion of GGA for two to three weeks be better than a short
preoperative dose? Would postoperative GGA be benefi-
cial? The authors also state in their discussion that GGA
has been used extensively in humans in Japan for the treat-
ment of ulcers without toxicity. However, the question re-
mains as to whether administration of GGA is safe in pa-
tients with obstructive jaundice and/or underlying liver
disease who may require a major liver resection.

Invited Discussion—Expert Commentator



 

Original Articles

 

© 2002 The Society for Surgery of the Alimentary Tract, Inc. 1091-255X/02/$—see front matter
Published by Elsevier Science Inc. PII: S1091-255X(01)00071-3

 

474

 

Pancreatic Elastase Induces Liver Injury by Activating 
Cytokine Production Within Kupffer Cells via
Nuclear Factor-Kappa B

 

Michel M. Murr, M.D.,* Jun Yang, M.D., Adam Fier, B.A., Pam Kaylor, M.S.,
Stephen Mastorides, M.D., James G. Norman, M.D.

 

Liver injury is a manifestation of the systemic inflammatory response during acute pancreatitis. We have dem-
onstrated that elastase induces macrophage tumor necrosis factor (TNF) production in distant organs, thus
mimicking pancreatitis-associated organ injury. The aim of this study was to determine the mechanism by

 

which elastase induces hepatic cytokine production. Rat livers (n 

 

�

 

 40) were perfused with elastase 

 

�

 

 gadolin-
ium (Gd) to inhibit Kupffer cells. Liver parenchymal enzymes and TNF were measured in the effluent. In
vitro, rat hepatocytes or Kupffer cells were treated with elastase (1 U/ml) 

 

�

 

 Gd (0.5 mg/ml) or pyrrolidine
dithiocarbamate (PDTC; 0.5 mg/ml). TNF protein, TNF messenger RNA, and NF–

 

�

 

B activation were de-
termined. In vivo, Gd blunted the elastase-induced TNF production and decreased AST, ALT, LDH, and

 

nonviable cells (propidium iodide) (

 

P

 

 

 

�

 

 0.03 vs. elastase). In vitro, elastase induced TNF production from
Kupffer cells (

 

P

 

 

 

�

 

 0.001 vs. control) but not from hepatocytes. Gd or PDTC significantly attenuated the
elastase-induced TNF production (

 

P

 

 

 

�

 

 0.001). Elastase-induced overexpression of TNF messengerRNA and
activation of NF-

 

�

 

B was attenuated by Gd. Pancreatic elastase induces a pattern of liver injury similar to that
seen during acute pancreatitis by activating cytokine production and gene expression within Kupffer cells via
NF-

 

�

 

B. Gd exhibits a protective effect against elastase-induced liver injury by inhibiting activation of NF-

 

�

 

B.
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Liver injury is a manifestation of the systemic in-
flammatory response during acute pancreatitis and
an important clinical prognostic indicator in that set-
ting. The morbidity and mortality associated with
severe acute pancreatitis are largely attributable to
exacerbation of the systemic inflammatory response
and the subsequent distant organ dysfunction.

We have demonstrated that pancreatic elastase plays
a major role in extrapancreatic, organ-specific cytokine
production, thus suggesting that pancreatic elastase is
the link between localized inflammation of the pancreas
and the systemic manifestations of pancreatitis and dis-
tant organ injury.

 

1–4

 

 In addition, work from our labora-
tory has demonstrated that acute pancreatitis–associated
liver injury is mediated by noxious inflammatory cyto-
kines that are produced within tissue resident macro-

phages.

 

4,5

 

 In that regard, the liver is a unique organ be-
cause Kupffer cells are the largest population of fixed
tissue macrophages and have been shown to have a dis-
tinct role in sepsis and hemorrhage.

 

6–8

 

 However, the
role of Kupffer cells in the pathogenesis of pancreatitis-
associated liver injury is poorly understood and war-
rants further investigation. The current study was
undertaken to determine the mechanisms by which
pancreatic elastase induces hepatic cytokine production
and the subsequent liver injury.

 

METHODS

 

Animals were cared for in accordance with the
guidelines of the Department of Laboratory Animal
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Medicine at the University of South Florida, a facil-
ity accredited by the American Association for Ac-
creditation of Laboratory Animal Care. Studies were
conducted after approval was secured from our insti-
tutional review board.

 

In Situ Liver Perfusion (Tumor Necrosis Factor 
and Liver Parenchymal Enzymes)

 

Male Sprague-Dawely rats (250 to 350 g) were
anesthetized (Nembutal, 50 mg/kg intraperitoneally).
The portal vein and the suprahepatic inferior vena
cava were cannulated, and the inferior vena cava was
ligated to close the circuit, as described by Hems et al.

 

9

 

The liver was left in situ and perfused with oxygen-
ated (95% O

 

2

 

-5%CO

 

2

 

) Krebs-Henseleit-bicarbon-
ate (KHB) buffer at 3 to 4 ml/g until the effluent was
clear. Perfusion pressure (

 

�

 

20 cm H

 

2

 

O) and perfu-
sate temperature (37

 

�

 

 C) were kept constant by a
heater pump. The entire perfusion system consisted
of a reservoir, pump (Brinkmann Instruments, Inc.,
Roxbury, N.Y.), bubble trap, filter, and oxygenator.
The O

 

2

 

 content of the perfusate was maintained at
19 to 20 mg/ml to ensure tissue viability. The O

 

2

 

content of the effluent was 1.4 

 

�

 

 0.5 mg/ml at onset
of perfusion and 1.9 

 

�

 

 0.6 mg/ml at the end of the
experiment, indicating uniform extraction of O

 

2

 

 and
hence organ viability.

Subsequently the livers were perfused for 60 min-
utes as follows: (1) control: KHB buffer, n 

 

�

 

 5; (2) li-
popolysaccharide (LPS; 20 mg/ml) as a positive con-
trol, n 

 

�

 

 5; and (3) elastase (1 U/ml), n 

 

�

 

 5. The
doses of LPS and elastase were based on dose-
response experiments done on human monocytes
and rat macrophage cell lines; the optimal dosage was
determined to be the lowest dose that resulted in a
maximal amount of tumor necrosis factor (TNF) re-
sponse (enzyme-linked immunosorbent assay [ELISA]
and reverse transcription–polymerase chain reac-
tion [RT-PCR]) and did not affect cell viability
(monotetrazolium cell proliferation assay) (unpub-
lished data).

To determine the role of Kupffer cells in hepatic
cytokine production, rats (n 

 

�

 

 5) were pretreated
with gadolinium (Gd) chloride, a well-known inhibi-
tor of Kupffer cell function

 

6–8

 

 (Gd: 10 mg/kg/day in-
travenously) for 48 hours, then perfused in situ with
elastase (1 U/ml). Appropriate vehicle control testing
was done for all groups (n 

 

�

 

 10).
The effluent from the liver was collected every 15

minutes and stored at 

 

�

 

80

 

�

 

 C. LDH, AST, and ALT
were determined using a Kodak Ektachem 700 auto-
mated analyzer standardized for murine proteins
(Kodak, Rochester, New York). TNF protein was

 

measured by using a commercially available rat
ELISA kit (BioSource International, Camarillo, Cal-
ifornia).

 

In Situ Liver Perfusion (Lethal Hepatic Injury 
and Hepatocyte Death)

 

In another set of experiments, rats were random-
ized to receive Gd (10 mg/kg/day intravenously, n 

 

�

 

 5)
or vehicle (saline solution, n 

 

�

 

 10) every 24 hours for
48 hours. The livers from each of these three groups
were then perfused in situ with elastase (1 U/ml) with
1 mmol/L propidium iodide-KHB buffer (n 

 

�

 

 10) or
KHB buffer alone (control, n 

 

�

 

 5) for 60 minutes.
Subsequently the livers were flushed with KHB buffer
to remove the excess stain and fixed by flushing 50
ml of 4% ice-cold formalin through the portal vein.
Fixed tissue was embedded in paraffin and examined
with a fluorescent microscope (Nikon Optiphoto-2,
Tokyo, Japan; 490 nm excitation and 520 nm emis-
sion). Slides were blinded, and nonviable cells were
counted per 10 high-power fields in 10 random sec-
tions of each liver.

 

Kupffer Cell Tissue Cultures

 

Freshly isolated rat Kupffer cells were provided by
Dr. Hide Tsukamoto of the Non-Parenchymal Liver
Cell Isolation Core at the University of Southern Cali-
fornia Research Center for Liver Disease and the
USC-UCLA Research Center for Alcoholic Liver and
Pancreatic Diseases. Briefly, cells were isolated from
male Wistar rats by in situ sequential digestion of the
liver with pronase and collagenase, low-speed centrifu-
gation to remove parenchymal cells, and subsequent
separation of a Kupffer cell–enriched fraction by dis-
continuous arabinogalactin gradient centrifugation.

 

10

 

Cells were incubated in Dulbecco minimum es-
sential medium–5% fetal calf serum medium for 24
hours before any treatment was begun and nonad-
herent cells were removed. Tissue cultures of pure
Kupffer cells (

 

	

 

98%) were plated in 24-well plates
(2.5 

 




 

 10

 

6

 

 cells/well), and pretreated with Gd (0.5
mg/ml) for 24 hours or pyrrolidine dithiocarbam-
ate (PDTC; 0. 5 mg/ml, which inhibits TNF pro-
duction via NF-

 

�

 

B) for 1 hour. The supernate was
collected from each 2 hours after treatment with
elastase (1 U/ml), and ELISA was used to deter-
mine TNF protein.

In a separate experiment, 10

 

7

 

 cells/well were seeded
in 100 ml dishes and treated with elastase (1 U/ml);
TNF-mRNA (RT-PCR) and NF-

 

�

 

B activation (EMSA)
were determined. Kupffer cell viability was assessed
by exclusion of trypan blue.
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Kupffer Cell TNF mRNA

 

TNF mRNA was measured by semiquantitative
differential RT-PCR, as previously outlined.

 

5

 

 Briefly,
total Kupffer cell RNA was isolated by guanidium
thiocyanate/acid phenol extraction and primed us-
ing oligo(dT) (Gibco, Gaithersburg, Md.) and sub-
sequently reversed transcribed with reverse transcrip-
tase (Superscript II, Gibco). The cDNA products were
coamplified in the presence of murine-specific TNF
and BMG primers for 20 to 25 cycles of PCR in a
UNO-Thermoblock (Biometra, Tampa, Florida). The
sequence for the TNF primer was sense 5

 

�

 

ATGAG-
CACAGAAAGCATGATC3

 

�

 

 and antisense 5

 

�

 

TAC-
AGGCTTGTCACTCGAATT3

 

�

 

. The BMG primer
sequence was sense 5

 

�

 

CTCCCCAAATTCAAGTG-
TACTCTCG3

 

�

 

 and antisense 5

 

�

 

GAGTGACGTG-
TTTAACTCTGCAAGC3

 

�

 

 (Ransom Hill Biosciences,
Ramona, California). All primers are known to span at
least one intron. The reaction products were separated
with electrophoresis in 2.5% metaphor gel agarose con-
taining ethidium bromide and photographed digitally
under ultraviolet light with the UV Gel Documentation
System (UVP, Upland, California). Band intensity of
each sample was determined using GDS image analysis
software (UVP), and individual cytokine/B-actin cDNA
ratios were calculated for analysis.

 

Determination of NF-

 

�

 

B Activation by 
Electrophoretic Mobility Shift Assay

 

NF-

 

�

 

B–specific consensus oligonucleotide (5

 

�

 

AGT-
TGAGGGTTTCCCAGGC3

 

�

 

, Promega Corp., Madi-
son, Wis.) was 5

 

�

 

 end-labeled with 

 

�

 

32

 

P adenosine
triphosphate (ICN, Costa Mesa, California) using
polynucleotide kinase (Gibco). Samples containing
10 

 




 

g of nuclear protein extract were incubated in
binding buffer (10 mmol/L Tris, pH 7.5, 100 mmol/L
NaCl, 1 mmol/L EDTA, 4% glycerol, and 80 

 




 

g/ml
sonicated sperm DNA) with or without excess unla-
beled NF-

 

�

 

B–specific oligonucleotide for 15 min-
utes on ice. End-labeled NF-

 

�

 

B (1.5 

 




 

 103 cycles/
min) was added, and samples were incubated for an
additional 45 minutes at room temperature. Free oli-
gonucleotide and oligonucleotide-bound protein were
separated by electrophoresis on a native 6% polyacry-
lamide gel. Gels were dried under vacuum on Whit-
man paper and exposed to Kodak BioMax MS film for
3 to 6 hours at 

 

�

 

80

 

�

 

 C. Absence of binding in the
presence of excess unlabeled NF-

 

�

 

B–specific oligonu-
cleotide confirmed NF-

 

�

 

B–binding specificity.

 

Hepatocyte Tissue Cultures

 

Hepatocytes were isolated from male Sprague-
Dawley rats (300 to 350 g) by digestion with collage-

nase.

 

11

 

 Livers were perfused in situ through the por-
tal vein until cleared of blood with 10 mmol/L
HEPES-buffered saline solution (0.15 mol/L NaCl,
0.42 g/L KCl, 0.99 g/L glucose, 2.1 g/L NaCO

 

3

 

, and
0.19 g/L EDTA), and then perfused for 4 to 7 min-
utes with modified HEPES-buffered saline (no EDTA,
3.5mmol/L CaCl

 

2

 

, 1% bovine serum albumin, and
0.025% collagenase). The liver parenchyma was
dispersed manually in HEPES buffer and filtered
through a stainless steel mesh (200 nm) and a Nytex
mesh (75 nm), respectively. Dispersed cells were col-
lected by centrifugation for 3 minutes at 50 g and
washed three times with HEPES buffer. Cells were
then resuspended and plated in modified Eagle mini-
mum essential medium containing 10% fetal calf se-
rum, 2.4 mmol/L glutamine, penicillin (100 units/ml),
gentamicin (100 

 




 

g/ml), porcine insulin (10 

 




 

g/ml),
0.2% bovine serum albumin, and epidermal growth
factor (EGF; 1 

 




 

g/100ml, Becton Dickinson Labware,
Bedford, Massachusetts). Cells were plated at a density
of approximately 2 

 




 

 10

 

6

 

 in 24-well primary tissue cul-
ture plates (Becton Dickinson Labware, Franklin
Lakes, New Jersey) and kept at 37

 

�

 

 C in humidified air
with 5% CO

 

2

 

. The medium was replaced and nonad-
herent cells were removed in preparation for treatment.

Hepatocyte cultures were treated with pancreatic
elastase (1 U/ml) or rat recombinant TNF (20 ng/ml).
LDH, AST, and ALT, and were measured 4 hours af-
ter treatment.

 

Chemicals

 

Gadolinium chloride (GdCl

 

3

 

.6H

 

2

 

O), pancreatic
elastase, and PDTC were purchased from Sigma
(St. Louis, Missouri).

 

Statistical Analysis

 

Experiments were repeated in triplicate (not gels)
and averaged. Data are mean 

 

�

 

 SEM. Student’s 

 

t

 

test was used. Significance was set at 

 

P

 

 

 

�

 

 0.05.

 

RESULTS
In Situ Liver Perfusion (TNF and Liver 
Parenchymal Enzymes)

 

Elastase induced dramatic TNF protein produc-
tion (Fig. 1; *

 

P

 

 

 

� 0.01 vs. sham) and release of pa-
renchymal enzymes into the effluent as compared to
control (increased AST, ALT, and LDH, Fig. 2; *P �
0.03). Interestingly, the magnitude of TNF produc-
tion induced by elastase was similar to that induced
by near-lethal doses of LPS (see Fig. 1). Pretreat-
ment with Gd blunted the effect of elastase on TNF
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production (see Fig. 1; **P � 0.03) and all parenchy-
mal enzymes (see Fig. 2; **P � 0.03).

In Situ Liver Perfusion (Lethal Hepatic Injury 
and Hepatocyte Death)

Perfusion with elastase increased the number of
nonviable cells that stained with propidium iodide as
compared to sham controls (220 � 26 vs. 45 � 20,
elastase vs. sham; P � 0.001). Pretreatment of the
rats with Gd significantly blunted the effect of elastase,
as evidenced by the decrease in the number of nonvi-
able cells (71 � 11 vs. 220 � 26, elastase plus Gd vs.
elastase alone; P � 0.001).

Kupffer Cell and Hepatocyte Tissue Cultures 
(TNF Production)

Elastase induced TNF production from tissue cul-
tures of Kupffer cells (69 � 22 pg/ml vs. 20 � 2 pg/ml,
elastase vs. control; P �0.0001) but not from hepato-
cytes (24 � 3 pg/ml). Moreover, TNF but not elastase
induced an increase in the culture medium levels of
AST, ALT, and LDH from primary tissue cultures
of rat hepatocytes (AST: 1175 � 80 vs. 322 � 22
U/L; ALT: 376 � 80 vs. 256 � 4 U/L; LDH: 5140 �
76 vs. 4220 � 78 U/L; TNF vs. control; all P � 0.003).
Elastase had no appreciable direct effect on liver
parenchymal enzymes as compared to control val-
ues (P 	 0.05).

Kupffer Cell Tissue Cultures (Inhibition of
TNF Production)

Gd significantly attenuated the elastase-induced
TNF production by Kupffer cell tissue cultures in a
dose-dependent manner (Gd: 0.25 to 1.0 mg/ml)
without affecting the viability of Kupffer cells (data
not shown, P � 0.001 all doses). At a low and effec-
tive dose of 0.5 mg/ml, Gd inhibited TNF pro-
duction from Kupffer cells that were treated with
elastase and diminished it almost to control levels
(Fig. 3; *P � 0.0001). Similarly, PDTC, which in-
hibits activation of NF-�B, abolished elastase-induced
TNF production from Kupffer cells (see Fig. 3; **P �
0.0001).

Fig. 1. Elastase-induced TNF production as compared to sham control (*P � 0.03; elastase vs. control).
The levels of TNF induced by elastase were similar to sublethal doses of LPS. Pretreatment with Gd sig-
nificantly attenuated TNF production as compared to elastase alone (**P � 0.03 Gd plus elastase vs.
elastase alone).

Fig. 2. The elastase-induced parenchymal liver injury (increased
AST, ALT, and LDH) was attenuated by Gd in an in situ liver
perfusion model (*P � 0.03 elastase vs. control; **P � 0.03 Gd
plus elastase vs. elastase alone).
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Kupffer Cell Tissue Cultures (TNF
Gene Expression)

Elastase induced significant upregulation of TNF
mRNA and activation of NF-�B in Kupffer cells
within 2 hours of treatment (Fig. 4); TNF/BMG
(beta-2 microglobulin) ratio was: 0.301 � 0.031 vs.
0.022 � 0.014; elastase vs. control (P � 0.0001). Pre-
treatment of Kupffer cell cultures with Gd inhibited
the elastase-induced upregulation of TNF mRNA
and attenuated the activation of NF-�B. TNF/BMG
ratio was: 0.038 � 0.018 vs. 0.301 � 0.031, Gd plus
elastase vs. elastase alone (P � 0.0001).

DISCUSSION

The role of macrophage-derived cytokines in the
pathogenesis of acute pancreatitis is well established;1
however, the mechanisms by which cytokines induce
distant organ injury in severe acute pancreatitis are
not well understood. The liver is a unique organ be-
cause it houses the largest population of fixed tissue
macrophages and because liver injury is an important
clinical prognostic indicator in severe acute pancre-
atitis. We have postulated that resident macrophages
induce parenchymal injury in the lung and liver in
experimental models of severe acute pancreatitis.4,5,12

However, those whole-animal models introduced
certain confounding factors such as mononuclear in-
filtration of the target organs, pancreatic ascites, and
concomitant systemic severe inflammation.13 To elim-
inate these confounding factors, we investigated TNF
production and parenchymal liver injury in an estab-
lished in situ liver perfusion model. In this model the
morphologic-humoral milieu of parenchymal and non-
parenchymal liver cells was preserved. Therefore any

cytokine production in this setting is primarily he-
patic in origin, especially if the liver is devoid of cir-
culating blood cells.

We used elastase as a surrogate for acute pancre-
atitis because we have found that it mimics the ef-
fects of acute pancreatitis in various models in our
laboratory. Elastase induced lung injury and upregu-
lation of inflammatory mediators that are indistin-
guishable from diet-induced pancreatitis in labora-
tory animals.4 Similarly, exposure of mice livers to
elastase induced liver inflammation and upregulated
TNF mRNA in an identical manner to that seen in
diet-induced pancreatitis.5 The use of elastase to in-
duce and study the systemic effects of pancreatitis is
best suited for our liver perfusion model. It elimi-
nates the variability in severity of laboratory-induced
acute pancreatitis and, more important, the local in-
flammatory process in the pancreas and its associated
hypovolemia, which may potentiate existing liver in-
jury. We used elastase in doses similar to those at-
tained in the serum during severe acute pancreatitis,
which have been validated to activate cytokine re-
lease from macrophages and human monocytes.14

In these experiments, pancreatic elastase produced
a significant increase in liver parenchymal enzymes
similar to that seen during severe acute pancreatitis.
In addition, elastase induced intrahepatic de novo
synthesis and release of TNF that reached a magni-
tude similar to that induced by sublethal doses of
LPS. Moreover, elastase significantly increased the

Fig. 3. Elastase induced massive production of TNF from tissue
cultures of Kupffer cells as compared to control (*P � 0.0001
elastase vs. control). PDTC (0.5 mg/ml) or Gd (0.5mg/ml) sig-
nificantly attenuated the elastase-induced TNF production
within Kupffer cells (**P � 0.0001 PDTC or Gd vs. elastase).

Fig. 4. Elastase (El)–induced upregulation of TNF mRNA and
activation of NF-�B within Kupffer cells as compared to con-
trol (C). Pretreatment with Gd inhibited both elastase-induced
upregulation of TNF mRNA and activation of NF-�B.
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number of nonviable cells, as measured by propid-
ium iodide staining, in the perfused liver as com-
pared to control specimens. Pretreatment with Gd,
which is a well-known inhibitor of Kupffer cells,6–8

significantly inhibited TNF production and attenu-
ated all parameters of biochemical and histomorpho-
logic liver injury, suggesting that elastase-induced
TNF production and liver injury is mediated by Kupffer
cells.

Based on observations in the liver perfusion model,
we subsequently used tissue cultures to determine the
source of cytokine production and to examine TNF
gene expression within hepatocytes or Kupffer cells.
As expected, elastase induced TNF protein produc-
tion in cultures of Kupffer cells but not from hepato-
cytes. Moreover, TNF but not elastase induced hepa-
tocyte injury, as evidenced by a significant increase in
levels of liver parenchymal enzymes in the culture
medium. These data indicate that Kupffer cells and
not hepatocytes are responsible for the elastase-
induced TNF production and that hepatocyte injury
is caused by Kupffer cell–derived TNF and not as a
direct effect of elastase.

To assess TNF gene expression and one potential
signal transduction pathway involving NF-�B, we
incubated Kupffer cells with either PDTC, which
inhibits the activation of NF-�B, or Gd, which is
known to block Kupffer cell function.6–8 Elastase in-
duced upregulation of TNF mRNA and activation of
NF-�B. As expected, PDTC inhibited TNF produc-
tion, thereby confirming that NF-�B plays an im-
portant role in elastase-induced TNF gene expres-
sion within Kupffer cells. Similarly, Gd inhibited
TNF production from Kupffer cells by downregulat-
ing TNF mRNA and attenuating the activation of
NF-�B. These findings are in agreement with our
previous observations of the pivotal role of NF-�B in
activation of TNF production from enzymatically
activated macrophages.14

NF-�B is a family of gene transcription regulators
that exist in an inactive form in the cytoplasm bound
to an inhibitor (I)-�B. Phosphorylation of I-�B re-
sults in its dissociation from NF-�B, which is then
translocated to the nucleus. The central role of NF-�B
in the stress response and as a proximal cytokine
gene regulator is well established.15 Therefore char-
acterization of the role of NF-�B in TNF gene ex-
pression in severe acute pancreatitis is crucial to our
attempts to manipulate expression of the latter and
the subsequent organ injury.

Lessons learned from clinical trials and laboratory
data indicate that cytokine antagonism reduces the
mortality of severe acute pancreatitis but does not
abolish it.1–3 We believe that blockade of pivotal and
proximal steps in signal transduction rather than ge-

neric blockade of circulating cytokines may offer a
possibility of sustainable attenuation of cytokine pro-
duction and the subsequent organ injury.

In search of specific inhibitors of Kupffer cell
function that will allow us to manipulate their TNF
production, we used Gd because of the literature re-
garding its effect on Kupffer cell function during
sepsis and shock.6–9 We made a novel observation re-
garding a potential mechanism by which Gd inhibits
Kupffer cell function; Gd attenuated elastase-induced
TNF gene expression by inhibiting activation of
NF-�B without affecting the viability of Kupffer
cells. This is an important observation because the
mechanism by which Gd exhibits its effect is contro-
versial. Many have suggested that Gd impairs Kupffer
cell phagocytosis,16 blocks calcium channels,17 and
induces apoptosis in alveolar macrophages.18 Our
findings are complementary and novel because we
are reporting a new mechanism by which Gd inhibits
TNF gene expression by modulating proximal and
pivotal events in the cytokine cascade. Nevertheless,
further investigations are needed to elucidate the
role of Gd and its effect on protein kinases and other
signal transduction pathways.

We thank Martha Entel for her administrative help in preparing
the manuscript and Dr. Hide Tsukamoto for providing Kupffer
cells and technical advice.
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Reduction in Mortality With Delayed Surgical 
Therapy of Severe Pancreatitis

 

Werner Hartwig, M.D., Sasa-Marcel Maksan, M.D., Thomas Foitzik, M.D.,
Jan Schmidt, M.D., Christian Herfarth, M.D., Ernst Klar, M.D.

 

The indications for surgery in acute pancreatitis have changed significantly in the past two decades. Med-
ical charts of patients with acute pancreatitis treated at our institution were analyzed to assess the effects
of changes in surgical treatment on patient outcomes. A total of 136 patients with radiologically defined
severe pancreatitis were primarily treated or referred to our institution between 1980 and 1997. Severity
of the disease (Ranson score), indications for surgical intervention, timing of surgery, and mortality rates
were compared during three study periods: 1980 to 1985 (period I), 1986 to 1990 (period II), and 1991 to
1997 (period III). In period I patients underwent exploratory laparotomy if their clinical status did not
improve markedly within 72 hours of admission to the hospital, whereas during period II surgery was re-
served for patients who had secondary organ failure together with pancreatic necrosis seen on CT scan.
During period III the aim was to operate as late as possible in the presence of pancreatic necrosis or when
infected necrosis was suspected. The policy of limiting the indications for surgery resulted in a decrease
in surgically treated patients from 68% to 33% (

 

P

 

 

 

�

 

 0.001). Likewise, surgical intervention was per-
formed later. In period I, 73% of operations were performed within 72 hours of admission, compared to
32% in period III (

 

P

 

 

 

�

 

 0.008). The mortality rate for patients who underwent early surgery (within 72
hours) was higher than for those who underwent late surgical exploration of the abdomen (

 

P

 

 

 

�

 

 0.02).
Overall, the mortality rate for patients with severe pancreatitis was reduced from 39% to 12% (

 

P

 

 

 

�

 

0.003). Mortality among patients treated nonoperatively did not change significantly. The present study
supports the policy of delayed surgery in severe acute pancreatitis. Early surgical intervention often re-
sults in unnecessary procedures with an increase in the number of deaths. Whenever possible, prolonged
observation allows selection of patients who are likely to benefit from delayed surgery or nonoperative
treatment. ( J G

 

ASTROINTEST

 

 S

 

URG

 

 2002;6:481–487.) © 2002 The Society for Surgery of the Alimen-

 

tary Tract, Inc.
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Three decades ago, the mortality rate for patients
with severe pancreatitis was often higher than 50%,
but because of improved diagnostic methods and
treatment modalities the mortality rate has been
lowered to 10% to 20%.

 

1–6

 

 Changes in surgical pro-
cedures and, in particular, limiting the indications
for surgical intervention has contributed signifi-
cantly to the reduced mortality rates in severe pan-
creatitis.

 

3,7,8

 

 However, the indications for surgery
and the optimal timing of the operation are still con-
troversial. The present study analyzed patients with
severe pancreatitis treated at our institution between
1980 and 1997, focusing on a changing policy re-

garding the indications for surgery and the timing of
surgical intervention in relation to patient mortality.

 

MATERIAL AND METHODS

 

A total of 518 consecutive patients with a first at-
tack of acute pancreatitis were treated primarily or
referred to our institution between 1980 and 1997.
The diagnosis of acute pancreatitis was based on
the presence of upper abdominal pain in conjunction
with serum amylase levels three times normal. Se-
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vere pancreatitis was present in 136 of these patients.
Severe pancreatitis was radiologically defined as mul-
tiple peripancreatic fluid collections on conventional
or contrast-enhanced CT (Balthazar grade E)

 

9

 

 and/or
perfusion deficit in pancreatic tissue. Contrast-
enhanced CT is widely accepted to be the “gold
standard” for discriminating mild edematous from
severe necrotizing pancreatitis.

 

10

 

 Also, patients with
inconclusive CT scans and pancreatic necrosis con-
firmed at surgical exploration of the abdomen were
included. Patients with biliary pancreatitis who had
been treated endoscopically (available during the pe-
riod 1986 to 1997) and patients with acute pancreati-
tis after cardiac surgery were excluded.

There have been three periods during which the
indications for surgery have changed significantly. In
period I (1980 to 1985), patients underwent explor-
atory laparotomy if their clinical status did not mark-
edly improve within 72 hours of admission. During
period II (1986 to 1990), surgery was reserved for
patients who had secondary organ failure in associa-
tion with pancreatic necrosis seen on CT scans. In
period III (1991 to 1997), the aim was to operate “as
late as possible” in the presence of sterile pancreatic
necrosis or when infected necrosis was suspected.
Surgical intervention was only performed in patients
with pancreatic necrosis on CT scan and rapidly pro-
gressive multiple organ failure who did not respond
to intensive care treatment, in patients with multiple
organ failure and suspected infected necrosis (necro-
sis on CT scan combined with a rectal temperature

 

�

 

38.5

 

�

 

 C, blood leukocyte level 

 

�

 

4.0 or 

 

�

 

12.0 

 

�

 

109/L, and a positive blood culture), or in patients
with persisting organ complications and infected ne-
crosis proved by percutaneous fine-needle aspira-
tion. Patients who underwent exploratory lapa-
rotomy in situations where the CT scan was
inconclusive and where pancreatic necrosis was con-
firmed intraoperatively were included in all three pe-
riods. Patients who underwent surgery at referring
hospitals were not included in the analysis. Medical
charts of patients were analyzed for Ranson scores,

 

11

 

organ failure, indications for surgical intervention,
timing of the operation, and mortality.

 

RESULTS

 

There were 38 patients in period I (1980 to 1985),
40 patients in period II (1986 to 1990), and 58 pa-
tients in period III (1991 to 1997). The severity of
the pancreatitis, as determined by the Ranson score,

 

11

 

and the percentage of patients referred to our institu-
tion were comparable in the three groups (Table 1).

Sixty-eight percent (26/38) of patients with severe
pancreatitis were treated surgically during period I.
In periods II and III, 42% (17/40) and 33% (19/58)
of these patients, respectively, underwent surgery
(Fig. 1). Therefore the incidence of surgery was sig-
nificantly reduced (period I vs. period II, 

 

P

 

 

 

�

 

 0.03;
period I vs. period III, 

 

P

 

 � 

 

0.001).
At the same time, surgery was performed later in

periods II and III compared to period I (Fig. 1). Sev-
enty-three percent (19/26) of surgical interventions
were performed within the first 72 hours of admis-
sion in period I, whereas only 29% (5/17) of opera-
tions in period II and 32% (6/19) of operations in
period III were performed within the first 72 hours
(period I vs. period II, 

 

P

 

 

 

�

 

 0.01; period I vs. period
III, 

 

P

 

 

 

�

 

 0.008). The mortality rate was higher for pa-
tients who were treated surgically within the first 72
hours compared to those operated on after 72 hours
(53% vs. 22%, respectively; 

 

P

 

 

 

�

 

 0.02; Table 2). In
patients who have been transferred to our institution,
the time point for surgery has always been calculated
from primary admission to the initial hospital.

Reflecting the changed indications for surgery,
significantly more patients presented with multiple
organ failure at the time of surgery in period III com-
pared to period I (79% vs. 23%, respectively; 

 

P

 

 

 

�

 

0.001; Table 3). Likewise, more patients with single-
organ failure underwent surgery in period I com-
pared to period III (54% vs. 16%, respectively; 

 

P

 

 

 

�

 

0.01). The percentage of patients in whom necrosec-
tomy was performed showed no significant differ-
ence in the three periods (see Table 3).

By that means, overall mortality for patients with
severe pancreatitis decreased from 39% in period I
to 12% in period III (

 

P

 

 

 

�

 

 0.003; see Fig. 1). The
mortality rate for patients treated nonoperatively did
not change significantly (see Table 2).

 

Table 1.

 

 Patient groups

 

Period

Group 1980–1985 1986–1990 1991–1997

 

Patients 38 40 58
Patients 

referred 11% (4/38) 13% (5/40) 21% (12/58)
Ranson-Score 

points 5.0 

 

� 

 

0.2 4.7 

 

�

 

 0.2 4.6 

 

� 

 

0.3

 

No significant differences in Ranson Score points were found be-
tween the three time periods. Ranson scores were calculated from
charts of the hospital where patients have initially been admitted. The
percentage of patients referred to our institution did not change sig-
nificantly.
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DISCUSSION

 

Overall mortality for acute pancreatitis, as well as
mortality for severe pancreatitis, has decreased sig-
nificantly during the past few decades. Mortality
rates approaching 50% in necrotizing pancreatitis
were described in the 1960s, whereas at present mor-
tality rates of 10% to 20% are achieved at specialized
institutions (Fig. 2). Likewise, mortality rates for pa-
tients with severe pancreatitis treated at our institu-
tion decreased from 39% in the years 1980 to 1985
to 12% in the years 1991 to 1997.

The principal finding in this retrospective analysis
is that the mortality rate for severe pancreatitis has
been decreased significantly by reducing the fre-
quency of surgical therapy and by delaying the time
point of surgical intervention. Between 1980 and 1985
(period I), patients with severe pancreatitis underwent
exploratory laparotomy at our institution if their clini-
cal status did not improve markedly within 72 hours

of admission. This policy was based on the optimistic
results of early surgical treatment in the late 1970s.

 

12–15

 

The former rationale of removing necrotic tissue
early in the course of disease was to eliminate proin-
flammatory mediators that are released from the dam-
aged pancreas. Because of the high mortality rate of
39% during this period, we reevaluated this concept
critically and restricted the indications for surgery be-
tween 1986 and 1990 (period II) to patients with sec-
ondary organ failure in association with pancreatic ne-
crosis seen on CT scans. In this period the overall
mortality rate decreased to 15%. During period III
(1991 to 1997) the indications for surgery have been
further restricted considering reports that questioned
surgical intervention in the presence of sterile necro-
sis.

 

2

 

 In addition to patients with an uncertain diagno-
sis, only patients with rapidly progressive multiple or-
gan failure who did not respond to intensive care
treatment or those with infected necrosis had surgery.

Fig. 1. Incidence of surgery, timing of surgery, and overall mortality. A significant decrease in the inci-
dence of surgery, timing of surgery, and overall mortality was found when period I was compared with
periods II and III. Timing of surgery in hours after primary admission to the initial hospital. *Percentage
of patients with surgical intervention who were operated on within 72 hours. 

 

Table 2. 

 

Effect of the timing of surgery on mortality period

 

Period

Mortality 1980–1985 1986–1990 1991–1997 Combined

 

With surgery within 72 hr 58% (11/19) 40% (2/5) 50% (3/6) 53% (16/30)
With surgery later than 72 hr 43% (3/7) 17% (2/12) 15% (2/13) 22% (7/32)*
With non-operative therapy 8% (1/12) 9% (2/23) 5% (2/39)

 

Mortality of patients with early surgery was higher than with late surgery. The difference was statistically significant when all three periods were
combined (*

 

P

 

 

 

�

 

 0.02). The decrease in mortality with late surgery missed statistical significance (period I vs. period III, 

 

P

 

 

 

�

 

 0.29). Timing of
surgery in hours after primary admission to the initial hospital.
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On the basis of this policy, the mortality rate main-
tained low. However, in our cohort we have not been
able to further decrease the mortality rate for period
III as compared to the mortality for period II.

This reported policy of restricting the indications
for surgery was accompanied by a decreasing inci-
dence of surgical intervention in our patient cohort.
In the three groups, which were comparable with re-
gard to the severity of the disease, the incidence of
surgical intervention declined from 68% in period I
to 33% in period III. Despite narrowing the indica-

tions for surgery, the mortality rate for patients
treated nonoperatively was not increased in the later
periods.

The optimal timing of surgery in severe pancre-
atitis has been a matter of controversy. As shown by
this study, the mortality rate for patients who under-
went laparotomy later than 72 hours after admission
was lower than for those patients treated surgically
within 72 hours in all three time periods. Several fac-
tors may account for this phenomenon. It has been
proposed that patients with sterile necrosis benefit

 

Table 3.

 

 Organ failure and necreosectomy in patients treated surgically

 

Period

1980–1985 1986–1990 1991–1997

 

No organ failure 23% (6/26) 12% (2/17) 5% (1/19)
Single organ failure 54% (14/26) 47% (8/17) 16% (3/19)*
Multiple organ failure 23% (6/26) 41% (7/17) 79% (15/19)

 

†

 

Debridement of necrosis 85% (22/26) 88% (15/17) 95% (18/19)

 

Reflecting the changed indication for surgery in severe pancreatitis, significantly more patients with single or no organ failure were treated sur-
gically in period I compared to period III (*

 

P

 

 

 

�

 

 0.01). In period III, significantly more patients presented MOV at the time of operation com-
pared to period I (

 

†

 

P

 

 

 

�

 

 0.001). There were no significant differences in the percentage of patients in whom debridement of necrosis was per-
formed.

Fig. 2. Mortality of acute and necrotizing pancreatitis: Summary of previous studies. Mortality of pa-
tients with acute pancreatitis (irrespective of the severity of the disease), as well as mortality of patients
with necrotizing pancreatitis, decreased significantly in the past decades. Numbers represent the studies
as listed in References. 
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from a “wait and see” policy, even when the clinical
course is complicated by organ failure.

 

2

 

 The ratio-
nale for late surgery (later than 3 weeks after the onset
of symptoms, when possible) is the ease of identify-
ing well-demarcated necrotic tissue from the viable
parenchyma, with the effect of limiting the extent of
surgery to pure debridement.

 

16

 

 The preoperative
stabilization of organ dysfunction by improved treat-
ment in the intensive care unit may be another fac-
tor. Whether patients presenting with infected ne-
crosis shortly after admission may also benefit from
delayed surgery, as suggested by some investiga-
tors,

 

17 

 

remains unclear.
Unlike the rate for late surgical intervention, the

mortality rate for patients who had early surgery
(within 72 hours of admission) remained high through-
out all observation periods, although the indications for
surgery were based on different concepts. From 1980
to 1985 (period I) the aim of surgery was the early re-
moval of the inflammatory focus. In striking contrast,
from 1991 to 1997 (period III) surgery was per-
formed within 72 hours of admission only if the pa-
tient could not be stabilized by treatment in the in-
tensive care unit or if severe intra-abdominal disease
other than pancreatitis had to be ruled out. Five of
the six patients who were operated on within the first
72 hours during period III had rapidly progressive
multiple organ failure that did not respond to treat-
ment in the intensive care unit. In four of these pa-
tients, pancreatic necrosis was diagnosed as being in-
fected intraoperatively. Two patients had extensive
necrosis of the colon, which mandated resection. An
inconclusive CT scan with peripancreatic fluid and
suspected perforated viscus was the indication for
laparotomy in another patient in whom pancreatic
necrosis was confirmed intraoperatively. This sub-
group of patients had extreme morbidity, thereby ex-
plaining the persistence of high mortality with early
surgery.

Mortality rates up to 65% with early surgery in
severe pancreatitis have also been described in others
reports that questioned the benefit of surgical inter-
vention within the first days after the onset of symp-
toms.

 

17–20 

 

In the single prospective randomized clini-
cal trial that compared early (within 48 to 72 hours
of symptoms) and late (at least 12 days after onset)
debridement in patients with severe pancreatitis, the
mortality rates were 56% and 27%, respectively.

 

17

 

The high mortality rate in patients operated on early
in that study was independent from the bacteriologic
status of the pancreatic necrosis.

Our study confirms the current view of timing
and extent of surgery in acute pancreatitis, which is
based on a better understanding of the pathophysio-
logic mechanisms of the disease. In the early phase of

pancreatitis, proinflammatory mediators are liber-
ated from the inflamed pancreatic gland, triggering
secondary organ failure.

 

21

 

 However, distant organ
distress can be managed by treatment in the inten-
sive care unit, whereas pancreatic necrosis, which is
not well demarcated from viable tissue in this early
course of the disease, is not yet removable by blunt
necrosectomy. Therefore early surgery should only
be performed in patients whose conditions cannot be
stabilized despite maximal treatment in the intensive
care unit, or if severe pathologic conditions other
than pancreatitis (e.g., perforated viscus) have to be
excluded.

 

22–24

 

When pancreatic necrosis has developed, the dif-
ferentiation between sterile and infected necrosis is
critical for further treatment. Proved infected necro-
sis, as well as septic complications resulting from
pancreatic infection, are well accepted indications
for surgical treatment.

 

3,7,24,26,28

 

 The mortality rate in
these patients is higher than 30%, and more than
80% of fatal outcomes in acute pancreatitis are due
to septic complications.

 

20,27

 

 

 

Sterile necrosis, in gen-
eral, is no indication for surgery, since several re-
ports have demonstrated that patients with proved
necrosis can be well managed nonoperatively.

 

2,28

 

However, when sterile necrosis is associated with or-
gan failure, the role of surgery is still controver-
sial.

 

29–31

 

 The manifestation of single or multiple or-
gan failure in acute pancreatitis is associated with
mortality rates ranging from 23 to 75%, no matter
whether pancreatic necrosis is infected or ster-
ile.

 

29,30,32

 

 Therefore a controlled study is needed to
give conclusive results concerning the benefit of sur-
gical therapy in the subset of patients presenting
with sterile necrosis and secondary organ failure.

 

CONCLUSION

 

Our analysis confirms the widely accepted policy
of delaying surgery in severe pancreatitis and limit-
ing the operation to debridement. Patients benefit
from preoperative clinical stabilization and demarca-
tion of necrotic tissue. Only a few patients remain
who must be treated surgically during the early
course of the disease if stabilization cannot be
achieved by treatment in the intensive care unit. The
morbidity of these patients explains the persistence
of high mortality in this subgroup.
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Perioperative Matrix Metalloproteinase Inhibition 
Therapy Does Not Impair Wound or
Anastomotic Healing

 

James H. Balcom IV, M.D., Tobias Keck, M.D., Andrew L. Warshaw, M.D., Bozena Antoniu, M.S., 
Gregory Y. Lauwers, M.D., Carlos Fernández-del Castillo, M.D.

 

Matrix metalloproteinases (MMPs) catalyze the degradation of collagen and extracellular matrix. They
play a role in pathologic states including malignancy, in which they facilitate invasion and metastasis.
MMP inhibition has been shown to block neoplastic invasion and improve survival in animal models of
malignancy. Concern about the effects of MMP inhibitors on wound and anastomotic healing may limit
their potential use in the perioperative period to prevent local and systemic showering of cancer cells
from surgical manipulation. We sought to assess the safety of perioperative administration of an MMP
inhibitor (BB-94) with respect to skin and bowel healing in a rat model. Absorption of BB-94 was con-
firmed through high-pressure liquid chromatography and mass spectroscopy of sera from treated ani-
mals. Bowel bursting pressure in all animals increased almost 10-fold between 4 and 14 days. Two-way
analysis of variance showed no significant difference in bowel bursting pressure between control and
treatment animals over time. There was a significant increase in the collagen content of skin specimens of
all animals combined between 4 and 28 days. Similarly, all animals showed an increase in bowel collagen
between 4 and 28 days. There was no significant difference in skin or bowel collagen concentrations be-
tween control and treatment animals over time. Perioperative treatment with MMP inhibition does not
impair wound or enteric healing in a rat model of laparotomy and small bowel resection. MMP inhibitors
are safe for use as adjuvant therapy after resection for cancer. ( J G
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Adhesion, migration, and subsequent function of
cellular elements in mammalian tissues are inti-
mately dependent on the content and function of the
extracellular matrix in which they are found. Physio-
logic and pathologic processes, such as wound heal-
ing and neoplastic progression, influence and are af-
fected by changes in the extracellular matrix.

 

1,2

 

 The
composition of the extracellular matrix is in constant
flux as collagen and other structural proteins are syn-
thesized, deposited, and degraded.

 

1

 

Matrix metalloproteinases (MMPs) are a group of
proteolytic enzymes that function to degrade extracel-
lular matrix. The MMP family of enzymes includes,
among others, collagenases (represented by MMP-1),

gelatinases (represented by MMP-2 and MMP-9),
and stromelysins (represented by MMP-3).

 

3

 

 MMP
activity has been described in a variety of processes
including inflammation, angiogenesis, wound heal-
ing, and cancer.

 

2,4–6

 

 There is now considerable evi-
dence that MMPs may have a vital role in the malig-
nant invasion of normal tissues by local extension
and metastasis.

 

2,7,8

 

 Using a nude mouse model of
metastatic pancreatic ductal adenocarcinoma, we have
shown that MMP inhibition with the drug BB-94 (ba-
timastat) decreases tumor load and improves sur-
vival. Our studies also suggest that this strategy may
be particularly useful in the perioperative setting of
tumor extirpation, where MMP inhibition may pre-
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vent showering of malignant cells into the local and
systemic circulation and may prevent implantation of
those same cells.

 

9

 

The role and influence of MMPs in wound heal-
ing has been the subject of intense investigation for
several years. There is evidence from numerous
studies that MMPs are crucial in the coordination of
wound healing and in the long-term extracellular ma-
trix remodeling that occurs in its later stages.

 

1,3,4,6,10–15

 

Interestingly, there is evidence that MMPs and their
endogenous inhibitors, tissue inhibitors of metallo-
proteinases, may have complex roles in wound heal-
ing, which amounts to a net increase in collagen and
other extracellular matrix in some circumstances and
a net decrease in matrix components in others.

 

1,8,12,14

 

Few experiments have included relevant measure-
ments of mechanical wound strength in their assess-
ment of the effect of MMPs on healing, particularly
enteric healing. Without clear experimental evi-
dence of an unequivocal positive or negative effect of
MMPs on wound healing, the use of MMP inhibi-
tors as perioperative adjuvants in surgical oncology
has been understandably limited. For example, the
ongoing clinical trial with the oral MMP inhibitor
marimastat in pancreatic cancer requires a 6-week
hiatus between resection and the initiation of drug
treatment.

 

7

 

The aim of this study was to determine the effect
of BB-94 (batimastat), which is a broad-spectrum
metalloproteinase inhibitor with proved in vitro and
in vivo efficacy,

 

9

 

 on wound healing in a rat model of
laparotomy and small bowel resection.

 

MATERIAL AND METHODS
Animals, Operative Technique, and
Measurement of Bowel Bursting Pressure

 

All animals used in these experiments were treated
according to a protocol approved by the Subcommit-
tee on Research Animal Care of the Massachusetts
General Hospital in accordance with guidelines set
forth in the “Guide for the Care and Use of Labora-
tory Animals” (NIH publication 86-23, 1986). Male
Sprague-Dawley rats (n 

 

�

 

 75), weighing 150 to 250 g,
were purchased from Charles River Laboratories
(Wilmington, Massachusetts) and were fed standard
dry chow and water ad libitum for 3 days. The ani-
mals were then fasted overnight and given only a so-
lution of 0.225% normal saline with 5% sucrose by
mouth. On the morning of operation, the animals
were placed under general anesthesia with intramus-
cular ketamine, 44 mg/kg, and intraperitoneal pen-
tobarbital, 20 mg/kg. Animals were then randomly
assigned to one of three groups: (1) intraperitoneal
BB-94, 40 mg/kg, in 20% dimethyl sulfoxide (DMSO;

Sigma, St. Louis, Missouri) for 3 days beginning on
the day of operation; (2) intraperitoneal BB-94, 40
mg/kg, in 20% DMSO for 14 days beginning on the
day of operation; or (3) intraperitoneal solution of
20% DMSO in saline for 3 or 14 days beginning on
the day of operation.

BB-94 was generously provided by British Biotech
(Oxford, United Kingdom). Because of its limited
water solubility, BB-94 was prepared for injection in
a sterile solution of 20% DMSO in normal saline.
The resulting suspension was homogeneous, and we
were able to use it for injection without difficulty.

Approximately 30 minutes after the drug or car-
rier was injected, a midline laparotomy was per-
formed and a loop of distal ileum elevated into the
wound. A 3 cm segment of ileum was resected, and
the bowel was reanastomosed in end-to-end fashion
with five interrupted, inverting 5-0 polyglycolic acid
sutures. The abdomen was closed in two layers with
running 5-0 polyglycolic acid sutures, and the ani-
mals were allowed to recover.

The animals were given the saline and sucrose so-
lution, which was described previously, on postoper-
ative day 1, and thereafter they were given standard
dry chow and water ad libitum. Intraperitoneal injec-
tions of drug or carrier were administered according
to the schedule outlined previously, and the animals
were killed by carbon dioxide inhalation on postop-
erative day 4, 10, 14, 28, or 49 (n 

 

�

 

 5 animals/
group). Bowel bursting pressure (BBP) was deter-
mined at that point by insufflating the anastomosed
segment of bowel with air in parallel connection to a
mercury sphygmomanometer column. The BBP was
recorded as the pressure required to cause bowel dis-
ruption at the anastomosis. For hydroxyproline and
collagen determinations, a 6 mm punch biopsy was
used to obtain samples of skin from the area of the
healed skin incision and intestine from the area of
the bowel anastomosis. Separate specimens from
both locations were (1) snap-frozen in liquid N

 

2

 

 and
stored at 

 

�

 

80

 

�

 

 C and (2) fixed in formalin for prepa-
ration of paraffin-embedded tissue blocks.

 

Reverse-Phase High-Pressure Liquid
Chromatography and Mass Spectroscopy

 

Although a previous study has shown that BB-94
can be absorbed based on evidence from murine in-
traperitoneal injections,

 

16

 

 we sought to confirm this.
In four rats, 8 ml of blood was collected by cardiac
puncture on day 14 of BB-94 treatment, just before
the animals were killed. The separated plasma was
combined into a single aliquot, and the plasma pro-
teins were removed by methanol precipitation ac-
cording to the method described by Wang, et al.

 

16
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Briefly, the methanol-precipitated samples were lyo-
philized and reconstituted in 60% acetonitrile and
submitted for reverse-phase high-pressure liquid chro-
matography (RP-HPLC). All RP-HPLC and mass
spectroscopy analyses were performed at Analytical
Technology Services, Watertown, Massachusetts.

The methanol-precipitated plasma was then ana-
lyzed by means of RP-HPLC using an RP–C-8 ana-
lytical column on a Varian reverse-phase high-pres-
sure liquid chromatograph (Varian, Inc., Palo Alto,
California). The retention time of BB-94 was deter-
mined by injection of 25 

 

�

 

g of pure BB-94 and BB-94
“spiked” blood at different concentrations. An opti-
mal elution gradient of 0.1% trifluoroacetic acid
(TFA) and 99% acetonitrile at 1 ml/min for 20 min-
utes revealed desorbtion of BB-94 at 13.74 minutes.
The methanol-precipitated plasma was collected in
fractions every 30 seconds from 13 to 15 minutes and
submitted for mass spectroscopy.

Mass spectroscopy was performed using a Voyager
Elite mass spectrometer (PerSeptive Biosystems, Inc.,
Framingham, Massachusetts) and workstation. The
13.5-minute fraction from the methanol-precipitated
plasma demonstrated a single, large peak at 478
atomic mass units (amu), which corresponds to the
peak seen on mass spectroscopy of BB-94 “spiked”
blood.

 

Hydroxyproline and Collagen Analysis

 

All procedures used in the determination of hy-
droxyproline and collagen content were based on the
method described by Reddy and Enwemeka.

 

17

 

Briefly, the method involves the following three
steps: (1) hydrolysis of the skin and bowel specimens;
(2) oxidation of the liberated hydroxyproline; and (3)
development of a chromophore with the oxidized hy-
droxyproline. The samples were air dried, weighed,
and autoclaved at 120

 

�

 

 C for 20 minutes in a 2 mol/L
NaOH solution to liberate hydroxyproline. The sam-
ples were then mixed with 0.056 mol/L chloramine
T (Sigma), which results in hydroxyproline oxidation
and production of a pyrrole. Addition of 1 mol/L
Ehrlich’s reagent (Sigma) to the oxidized hydroxy-
proline results in the generation of a chromophore.
The absorbance of the chromophore can be mea-
sured at 550 nm.

Known concentrations of hydroxyproline stock
solutions were subjected to the process described
above, and the resulting absorbance measurements
were used to create a linear standard curve. Absor-
bance measurements from each sample, prepared as
described above, were then used to obtain hydroxy-
proline concentrations from the standard curve. Since
hydroxyproline expression is essentially limited to col-

 

lagen, we assumed that collagen consisted of 12.5%
hydroxyproline to calculate the collagen content,

 

17,18

 

which was normalized for tissue weight in each sample.

 

Trichrome Staining of 
Paraffin-Embedded Tissue

 

Slides were prepared from the previously col-
lected paraffin-embedded skin and bowel specimens
and stained with a standard Masson’s trichrome
staining technique. The slides were then reviewed in
blinded fashion by a pathologist (G.Y.L.). A semi-
quantitative scoring system was used to assess the
amount of collagen present in skin or bowel wounds:
0 

 

�

 

 no organized collagen deposition in the dermis
or submucosa; 1 

 

�

 

 minimal collagen deposition; 2 

 

�

 

moderate collagen deposition; 3 

 

�

 

 marked collagen
deposition.

 

Statistical Analysis

 

To formulate a comprehensive interpretation of
potential differences among the three experimental
groups over the entire duration of the study, com-
parisons of the BBP values, skin collagen concentra-
tions, bowel collagen concentrations, and histologic
collagen score were conducted using a two-way anal-
ysis of variance (ANOVA) technique. Comparisons
of BBP values, skin collagen concentrations, and
bowel collagen concentrations at specific time points
in the study were performed using Student’s 

 

t

 

 test.
Continuous data are presented as the mean 

 

�

 

 SEM.
Statistical significance was defined as 

 

P

 

 

 

�

 

 0.05. All
statistical analyses were performed with the assis-
tance of GraphPad Prism version 3.00 for Windows,
GraphPad Software, San Diego, California.

 

RESULTS

 

BB-94 treatment was well tolerated. The animals
treated with BB-94 did not experience weight loss or
increased mortality (data not shown).

RP-HPLC of pure BB-94 in acetonitrile and the
methanol-precipitated plasma was performed as de-
scribed previously. Because of the broad nature of
the peak at 220 nm seen at 13.74 minutes of extrac-
tion time, multiple fractions from 13 to 15 minutes
were collected during the separation (data not shown).
Mass spectroscopy of BB-94 “spiked” blood and the
13.5-minute HPLC-separated fraction yielded dom-
inant peaks clearly identified at 478 amu (data not
shown); these peaks corresponded to the published
molecular weight of 478 amu for BB-94.
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BBP values are shown in Fig. 1. Fig. 1, 

 

A 

 

demon-
strates the near 10-fold increase in BBP between days
4 and 14 (increase from 28 

 

�

 

 2 mm Hg at 4 days to
249 

 

�

 

 and 16 mm Hg at 14 days, 

 

P

 

 

 

�

 

 0.001). Fig. 1, 

 

B

 

shows the changes in BBP for animals in the three
experimental groups over time. Two-way ANOVA
showed no significant differences among control ani-
mals, animals treated with BB-94 for 3 days, and ani-
mals treated with BB-94 for 14 days (

 

P

 

 

 

�

 

 0.53).
Skin wound collagen concentrations are shown in

Fig. 2. There was a significant increase in skin col-
lagen content between 4 and 28 days for all animals
combined (9.0 

 

�

 

 0.8 mg/g tissue at 4 days vs. 11.7 

 

�

 

0.8 mg/g tissue at 28 days, 

 

P

 

 

 

�

 

 0.05) (Fig. 2, 

 

A

 

), but
there was no significant difference in skin wound
collagen concentrations among the three experimen-
tal groups over time (Fig. 2, 

 

B

 

; 

 

P

 

 

 

�

 

 0.94).
Fig. 3 shows the results of collagen concentration

determinations in the bowel anastomoses of the ex-
perimental animals. Bowel collagen concentrations
increased significantly between 4 and 28 days for all
animals killed at these time points (2.0 

 

�

 

 0.2 mg/g
tissue at 4 days vs. 4.8 

 

�

 

 0.6 mg/g tissue at 28 days,

 

P

 

 

 

�

 

 0.001) (Fig. 3, 

 

A

 

), but bowel collagen content
did not change significantly over time among the
three experimental groups by two-way ANOVA
(Fig. 3, 

 

B

 

; 

 

P

 

 

 

�

 

 0.63).

Results of histologic collagen trichrome staining
of rat skin and bowel anastomoses are illustrated in
Fig. 4. There were no significant differences in the
histologic collagen scores in rat skin or bowel among
the three experimental groups over time (

 

P

 

 

 

�

 

 0.05
for both). Typical trichrome stain results for early
and late bowel anastomoses in control and treatment
animals are presented in Fig. 5. Note that the early
and late scars show the presence of similar amounts
of collagen in control and treatment animals.

 

DISCUSSION

 

The effects of MMP inhibition on wound healing
and extracellular matrix turnover are complex and
are not fully understood.

 

1,3,5,20

 

 Different MMPs ap-
pear to be expressed at different time points in the
healing process. For example, whereas MMP-1 and
MMP-9 appear to be upregulated early in the in-
flammatory and epithelial migration/proliferation pe-
riods of healing, MMP-2 seems to increase and re-
main elevated 5 days after wounding.

 

1,3,20

 

 Thus MMPs
seem to have roles in both the acute phase of healing
and the later stages of collagen and matrix remodel-
ing. In addition, MMPs have proven effects on in-
flammatory cell migration and infiltration of freshly

Fig. 1. A, Significant increase in BBP between 4 and 14 days for all animals killed at these time points
(increase from 28 � 2 mm Hg at 4 days to 249 � 16 mm Hg at 14 days, P � 0.001; *P � 0.05). B,
Changes in BBP for animals in the three experimental groups over time (P � 0.53).
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injured tissue and on angiogenesis,

 

5,21,22

 

 both of
which also have implications for healing. The variety
of influences on different aspects of healing requires
that any study evaluating potentially deleterious ef-
fects of metalloproteinase inhibition include func-
tional tests (such as BBP) in addition to morphologic
studies.

Perioperative treatment with BB-94 did not have
a significant effect on BBP of the small bowel anasto-
mosis in our study. The control BBP measured in
our studies compares favorably with the BBP mea-
sured in the small and large bowel of operated and
nonoperated rats in other published experiments; the
range of bursting pressures reported in these other
studies was 178 to 244 mm Hg for nonoperated
bowel and 180 to 233 mm Hg for anastomosed
bowel on postoperative day 7.

 

23–25

 

 The studies of Syk
et al.

 

11

 

 and Witte et al.

 

12

 

 examined the effects of
MMP inhibition on wound breaking strength in the
skin and colon, respectively. Similar to the findings
in our experiments, these other studies indicated that
MMP inhibition did not impair wound breaking
strength. In fact, the studies of Syk et al.

 

11

 

and Witte
et al.

 

12

 

 found that the strength of the wound may be
increased by MMP inhibition. This slight disparity
may be explained by differences in the types of tis-
sues analyzed, measurement techniques, and time

points of measurement. We chose to measure the
anastomotic strength in the small intestine, whereas
Syk et al.

 

11

 

 examined colonic wounds, and there is
compelling evidence that the MMP profile in the
small and large bowel may be quite different.

 

3

 

Whereas Syk et al.

 

11

 

and Witte et al.

 

12

 

 used tensiome-
try to measure wound breaking strength, we used in-
creasing intraluminal pressure to interrogate the re-
pair, and this technique may better represent the
physiologic demands of a bowel anastomosis. The
other studies measured wound breaking strength at
single time points in the relatively early stages of
wound healing (day 10 in the skin study and days 1, 3,
and 7 in the colon study).

 

11,12

 

 We measured and then
analyzed BBP over a range of time periods, which
concluded at 7 weeks, the time point classically associ-
ated with a maximal gain in wound tensile strength.

 

26

 

The hydroxyproline and trichrome data from our
studies provided us with information about the total
collagen content of the skin and bowel anastomoses
in the experimental animals. The collagen content of
the small intestinal anastomoses in these experiments
is similar to the collagen content determined in the
small and large bowel of operated animals in other
studies

 

27–30

 

; the range reported for operated bowel at
the site of intestinal anastomosis, as determined by
similar methods, is 2.01 to 2.36 mg collagen/g tis-

Fig. 2. A, Increase in skin collagen content between 4 and 28 days for all animals combined (9.0 � 0.8
mg/g tissue at 4 days vs. 11.7 � 0.8 mg/g tissue at 28 days, P � 0.05). B, Skin wound collagen concentra-
tions in the three experimental groups over time (P � 0.94).
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sue.

 

30

 

 As expected, the skin and bowel collagen con-
centrations increased from day 4 to day 28 when all
animals were considered collectively. This stage in
healing represents a relative peak in collagen depo-
sition with a concomitant gain in wound tensile
strength.26 Our study has shown that there was no
significant change in the total collagen content of the

skin or bowel in rats treated with BB-94, 40 mg/kg,
for 3 or 14 days over a 7-week experimental period.
Other studies have produced similar results. Witte et
al.12 showed that the collagen content in dorsal skin
wounds in rats did not change significantly during
treatment with a different MMP inhibitor, GM
6001, and Syk et al.11 showed that there was no dif-

Fig. 4. A, Histologic skin collagen scores in the three experimental groups over time (P � 0.48). B, His-
tologic bowel collagen scores in the three experimental groups over time (P � 0.39).

Fig. 3. A, Bowel collagen concentration increase between 4 and 28 days for all animals killed at these
time points (2.0 � 0.2 mg/g tissue at 4 days vs. 4.8 � 0.6 mg/g tissue at 28 days, P � 0.001; *P � 0.05).
B, Bowel collagen content over time in the three experimental groups (P � 0.63).
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ference in the hydroxyproline content of sponges
placed in the wounds of rats on postoperative days 3
and 7 compared to control animals. In terms of a
mechanistic explanation for these observations, the
authors postulate that MMP inhibition leads to an
enhancement of collagen maturity and cross-linking
and/or some other modulation of the extracellular
matrix that strengthens the wound; and Syk et al.11

pointed out that other studies have shown a benefi-
cial effect for proteinase inhibition without a con-
comitant increase in collagen content.21,31 Our data
would seem to corroborate these suggestions.

CONCLUSION

We have shown that perioperative MMP inhibi-
tion with BB-94 does not impair skin wound or en-
teric healing in a rat model of laparotomy and small
bowel resection. We specifically chose the 40 mg/kg
dosage and the 3- and 14-day treatment lengths be-
cause they have proven effectiveness in animal mod-
els of cancer inhibition.9,16 Therefore, regardless of
differences in specific tissue types and techniques or

time points of measurement, this study along with
other existing data suggests that the perioperative
administration of therapeutic doses of MMP inhibi-
tors is safe with regard to the maintenance of wound
strength in oncologic resections.

We thank British Biotech for providing the BB-94. We also thank
the Boston Biomedical Research Institute and the Analytical Tech-
nology Services, Watertown, Massachusetts, for their assistance
with the RP-HPLC and mass spectroscopy.
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Conservative Management of Ingested Foreign Bodies

 

Steven T. Weiland, M.D., Michael J. Schurr, M.D.

 

We reviewed the clinical benefits of hospitalization, esophagogastroduodenoscopy, and surgical interven-
tion for ingested foreign bodies in adults. Patients with esophageal foreign bodies were not included in
the study group. A 10-year experience is reported. Each patient’s physical examination findings at presen-
tation, white blood cell count, length of hospital stay, number and types of foreign bodies ingested, endo-
scopic interventions, surgical interventions, and complications were reviewed. There were 75 separate
hospitalizations, all occurring in 22 male prison inmates. A total of 256 foreign bodies were ingested. Pa-
tients incurred 281 hospitalization days (average 3.7 days per admission). One patient had signs of perito-
nitis. White blood cell count was less than 10 K/

 

�

 

L in 85%. Sixty-four endoscopies were performed with
removal of 79 of 163 foreign bodies (48% success rate). Five patients required general anesthesia because
of a lack of cooperation. Complications occurred in four of them, one requiring laparotomy. Eight addi-
tional laparotomies were performed. One was performed for an acute abdomen on admission and one for
the development of an acute abdomen after conservative management. Two were performed to remove
metal bezoars. Four additional laparotomies were performed because of surgeon preference. Among the
23 patients admitted and managed conservatively, 77 (97%) of 79 foreign bodies passed spontaneously.
One patient required laparotomy. Of the 256 ingested foreign bodies, 79 were removed endoscopically,
71 were removed surgically, and 106 passed spontaneously. The size, shape, and number were not predic-
tive of the ability to transit the gastrointestinal tract. Foreign body ingestion is problematic in prison in-
mates. With conservative management, most foreign bodies will pass spontaneously. Endoscopy has a
high failure rate and is associated with significant complications. Surgical intervention should be reserved
for those who have acute conditions in the abdomen or large bezoars. ( J G

 

ASTROINTEST

 

 S

 

URG

 

 2002;

 

6:496–500.) © 2002 The Society for Surgery of the Alimentary Tract, Inc.

K

 

EY

 

 

 

WORDS

 

: Endoscopy, prisoners, laparotomy, bezoars

 

Foreign body ingestion, although problematic in
children, is infrequent in adults and when it occurs it
is mostly confined to those with psychiatric disorders
or to prison inmates.

 

1,2

 

 Traditional management
protocols have focused on hospital admission and ex-
traction of the foreign body.

 

3

 

 Endoscopic retrieval
by means of esophagogastroduodenoscopy (EGD) is
often attempted early after admission because of its
perceived success rate and safety. However, often the
object has already transited the stomach or is other-
wise not amenable to endoscopic removal. Patients
are commonly referred for surgical extraction after
failure of the endoscopic approach. Unfortunately
there are limited reports in the literature evaluating
the successes, failures, and complications of these
modalities. In addition, many objects are reported to

spontaneously transit the gastrointestinal tract after
failure of endoscopic retrieval.

 

2,4

 

 As a result, there
are no good data to support removal of foreign bod-
ies over conservative management. The goal of this
study was to review the clinical benefits of EGD and
surgical intervention for ingested foreign bodies in
adults and compare their outcomes with those of pa-
tients who were managed conservatively.

 

MATERIAL AND METHODS

 

The records of all adults requiring admission to
the University of Wisconsin Hospital with foreign
body ingestion were reviewed over a 10-year period.
A comprehensive review of the University of Wis-
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consin Hospital medical records database was under-
taken to identify foreign body ingestion in patients
over 18 years of age. Patients with isolated esoph-
ageal foreign bodies were not included. In addition,
the records of those managed on an outpatient basis
and those with food bolus impaction (e.g., after ver-
tical banded gastroplasty) were not reviewed. Medi-
cal records were reviewed for further analysis. Pre-
senting symptoms, physical examination findings,
white blood cell counts, and radiographic findings
were noted. The length of hospitalization, number
and types of foreign bodies ingested, and complica-
tions were also reviewed. Outcomes were analyzed
for each admission with respect to the management
method including EGD, surgical exploration, or con-
servative treatment.

 

RESULTS

 

A review of the medical records yielded 75 sepa-
rate hospital admissions for foreign body ingestion
in 22 patients. All patients were male prisoners who
had been previously diagnosed with a psychiatric dis-
order. The average age was 28 years (range 19 to 47
years). Patients incurred 281 hospitalization days
(average 3.7 days per admission) (Fig. 1). Repeat epi-
sodes of foreign body ingestion requiring readmis-
sion occurred in 14 (64%) of 22 (Table 1). Patients
were further analyzed separately for each of the 75
admissions.

Although 37 (49%) of 75 patients complained of
abdominal pain on admission, only one presented
with signs of peritonitis. The white blood cell count
was less than 10 K/

 

�

 

L in 85% of admitted patients
(average 8.3 K/

 

�

 

L), and only two patients had a
white blood cell count greater than 12 K/

 

�

 

L (13.9
and 25.7 K/

 

�

 

L) (Fig. 2). A total of 256 foreign ob-
jects were ingested (average 3.4 objects per admis-
sion), with a surprising range of 1 to 50 objects in-
gested. The number and types of foreign bodies
ingested were varied with no particular type, size, or
shape of foreign body predominating (Table 2). Ab-

dominal radiographs were obtained from all patients
and none showed radiographic evidence of free in-
traperitoneal air or bowel obstruction.

 

Endoscopic Removal

 

Sixty-four endoscopic examinations were per-
formed in 47 (63%) of 75 patients admitted, with re-
moval of 79 of 163 foreign bodies. This translates
into a success rate of 48%. Twenty-four (51%) of 47
patients admitted who were initially treated endo-
scopically had all foreign objects removed endoscop-
ically. Twenty were successfully treated with a single
endoscopic procedure and four required two or three
endoscopic procedures. In 23 of 47, the remainder of
the foreign bodies had transited past the stomach/
duodenum or were considered to be unremovable via
the EGD approach. Five patients required general
anesthesia because of a lack of cooperation. The use
of overtubes during endoscopic foreign body re-
moval is routine at our institution. However, use of
overtubes was rarely documented in procedural
notes.

Four complications occurred (6%) including three
esophageal tears that were treated conservatively
with antibiotics, intravenous fluids, and restriction of
oral intake; none of these required surgical interven-Fig. 1. Length of hospital stay.

 

Table 1.

 

 Summary of 22 patients

 

Patient
No. of

admissions

Total
LOS

(days)
Total
FBs

No. of
EGDs

No. of
laparo-
tomies

 

1 1 5 4 0 0
2 1 3 1 0 0
3 1 5 3 0 0
4 1 9 2 0 0
5 1 3 1 1 0
6 1 1 2 1 0
7 1 5 1 0 0
8 1 4 1 1 0
9 2 7 5 3 0

10 2 3 10 2 0
11 2 2 9 2 0
12 2 9 3 0 0
13 2 7 2 1 0
14 3 7 6 3 0
15 3 7 11 3 0
16 3 8 6 2 0
17 4 18 10 11 1
18 4 6 7 4 0
19 5 17 28 1 0
20 6 7 10 7 0
21 13 63 30 11 3
22 16 85 104 11 5

 

FBs 

 

�

 

 number of foreign bodies ingested; LOS 

 

�

 

 length of hospital stay.
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tion. The fourth complication involved retention of
an endoscope after a snare was successfully passed
around a comb. The comb could not be withdrawn
and the snare could not be removed from the comb.
The patient required a laparotomy for removal of
the retained endoscope-snare foreign body. In addi-
tion, one scope was bitten into two pieces and de-
stroyed. Two laparotomies were performed because
of the surgeon’s preference for removal of a foreign
body after failed EGD. The remaining patients were
managed conservatively, with passage of the foreign
bodies without complications.

 

Surgical Removal

 

Five additional laparotomies were performed.
One was performed for an acute condition in the ab-
domen at the time the patient was admitted. This pa-
tient had come to the emergency room with obvious
signs of peritonitis and a white blood cell count of
25.7 K/

 

�

 

L. Surgical exploration was undertaken
emergently to remove the foreign body and repair
the intestinal perforation. Two laparotomies were
performed to remove metal bezoars (50 pieces of
typewriter keys and 13 pieces of antennae) (Fig. 3).
Two additional laparotomies were performed ac-

cording to the surgeon’s preference for removal of a
single item in an asymptomatic patient. One patient
who was treated surgically required readmission for a
postoperative ileus that was managed conservatively.

 

Conservative Management

 

Among the 23 patients admitted and managed
conservatively, 77 (97%) of 79 foreign bodies were
passed spontaneously (Figs. 4 and 5). One patient re-
quired laparotomy for the development of an acute
abdomen.

Of the 256 ingested foreign bodies, 79 were re-
moved via EGD (31%), 71 were removed surgically
(28%), and 106 passed spontaneously (41%). Among
patients managed conservatively, 97% of the objects
passed spontaneously (Fig. 6). Except for the two pa-
tients with gastric bezoars, the size, shape, and num-
ber of foreign bodies were not predictive of the abil-
ity to transit the intestinal tract (see Figs. 4 and 5).

 

DISCUSSION

 

Treatment of foreign body ingestion has tradi-
tionally involved hospitalization with close observa-
tion until the object is passed. With the development
of the endoscope and as techniques have become

Fig. 2. White blood cell count on admission.

 

Table 2.

 

 Examples of foreign bodies ingested

 

Broken glass
Light bulb
Toothbrush
Pencil
Radio antenna
Chicken wire
Razor blades
Comb
Nail clipper
Spoon
Typewriter keys
Metal hinges Fig. 3. Metal bezoar from 50 pieces of typewriter keys.
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more refined, access to the upper gastrointestinal
tract has been facilitated.

 

3,5,6 

 

Therapy has evolved
into increasing use of the endoscope for foreign body
retrieval. Currently, some investigators advocate
mandatory endoscopy for all patients with a history
of foreign body ingestion, despite failure to remove
the object in 48%.

 

4

 

This series, although hampered by the retrospec-
tive nature of the evaluation, argues against the rou-
tine use of endoscopy for the management of foreign
body ingestion. Endoscopy has probably developed
into this role through its perceived less invasive na-
ture and safety profile. The failure rate of foreign
body extraction in this series did not differ from
those in previously published series.

 

4

 

 On the other
hand, complete removal of foreign bodies was ac-
complished in 51% of the patients undergoing endo-
scopy in this study. The 6% complication rate, how-
ever, is cause for concern. If one factors in the need
for general anesthesia and the destroyed endoscope,
the complication rate becomes 14%, which is signifi-
cant. Clearly, based on these success and complica-
tion rates, the routine use of endoscopy should be
discouraged.

The second dilemma with routine attempts at en-
doscopic removal of foreign bodies arises when the
foreign body cannot be removed. Does the failure of
one invasive procedure mandate a second more inva-
sive procedure (i.e., laparotomy)? Because of the sur-
geon’s preference, two of our patients underwent

elective laparotomy for foreign body removal after
failed endoscopy. The remainder were managed con-
servatively and none developed an acute abdomen.
More than half of the foreign bodies in patients ini-
tially managed endoscopically passed spontaneously.
Clear indications for surgical intervention include signs
of peritonitis, bowel obstruction, hemorrhage, or gas-
tric bezoars. Others have also shown that long, sharp
objects (see Figs. 4 and 5) can pass spontaneously and
do not warrant mandatory removal.

 

7

 

Routine conservative management is advocated as
the protocol of choice for foreign body ingestion.
These data show that the adoption of this approach
would allow spontaneous passage of nearly all swal-
lowed objects. Patients who develop a perforation or
acute abdomen should be able to be treated surgi-
cally without complications if there is no delay in op-
erative intervention, as in the two patients reported
here. We would advocate observation of the asymp-
tomatic patient until the object is passed. Whether
this takes place in the hospital or at home would
depend on the patient’s particular living environ-
ment. Symptomatic patients who fail to pass foreign
bodies out of the stomach after an attempt at conserva-
tive management should be considered for endoscopic
removal. Objects should be removed through an over-
tube and with surgical backup in case of complica-
tions or inability to remove the foreign body. The
timing of the intervention would again depend onFig. 4. Long pieces of metal wire that passed spontaneously.

Fig. 5. Long pieces of antennae that passed spontaneously.
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the particular status of the patient and the living en-
vironment.

This series did not evaluate patients with esoph-
ageal foreign bodies or those who had swallowed caus-
tic substances (e.g., batteries). These entities should be
managed with active efforts at foreign body removal
because of the risk of airway obstruction and caustic
injury to the gastrointestinal tract. In addition, no rec-
ommendations for the management of foreign bodies
in children can be extrapolated from this series.

There were clearly secondary-gain issues in sev-
eral of the patients in our unique population. Two of
our patients were admitted a total of 29 times and
underwent 22 endoscopies and eight laparotomies
(see Table 1). One of these patients swallowed a
spoon on the day of his latest hospital discharge. We
would argue that these patients should be monitored
in the prison system to remove all secondary-gain
end points in an attempt to discourage this behavior.

 

CONCLUSION

 

Foreign body ingestion is problematic in prison-
ers with psychiatric disorders; however; most of the
swallowed objects will pass through the gastrointes-

tinal tract without complications. Indications for sur-
gical exploration of the abdomen include signs of
peritonitis, obstruction, hemorrhage, or the unique
setting of a foreign body bezoar. EGD is recom-
mended only for isolated cases because of its modest
success rate and risk of complications.
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Ongoing Deficits in Resident Training for Minimally 
Invasive Surgery

 

Adrian Park, M.D., Donald Witzke, Ph.D., Michael Donnelly, Ph.D.

 

Patient preference has driven the adoption of minimally invasive surgery (MIS) techniques and altered sur-
gical practice. MIS training in surgical residency programs must teach new skill sets with steep learning
curves to enable residents to master key procedures. Because no nationally recognized MIS curriculum ex-
ists, this study asked experts in MIS which laparoscopic procedures should be taught and how many cases
are required for competency. Expert recommendations were compared to the number of cases actually per-
formed by residents (Residency Review Committee [RRC] data). A detailed survey was sent nationwide to
all surgical residency programs (academic and private) known to offer training in MIS and/or have a leader
in the field. The response rate was approximately 52%. RRC data were obtained from the resident statistics
summary report for 1998–1999. Experts identified core procedures for MIS training and consistently voiced
the opinion that to become competent, residents need to perform these procedures many more times than
the RRC data indicate they currently do. At present, American surgical residency programs do not meet the
suggested MIS case range or volume required for competency. Residency programs need to be restructured
to incorporate sufficient exposure to core MIS procedures. More expert faculty must be recruited to train

 

residents to meet the increasing demand for laparoscopy. ( J G
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1

 

 a visionary and pioneer in the field of
minimally invasive surgery (MIS), once commented
regarding laparoscopy that rarely in surgical history
have we seen so profound a benefit in patient care in
so short a period of time. There is no denying that
the impact of MIS on patient care since the intro-
duction of laparoscopic cholecystectomy in 1987 has
been little short of revolutionary. As the number of
techniques performed laparoscopically has exploded
over the past decade, patients have benefited from
shorter hospital stays, more rapid postoperative re-
covery, and more rapid return to normal activity
than after comparable open procedures. Hospitals
too have benefited from MIS by increasing surgical
case volumes while reducing the number of inpatient
surgical beds. Yet, despite the benefits of MIS, many
concerns about patient safety and well-being and
challenges related to the lack of generally accepted
guidelines have been raised. Because patient demand
drove the adoption of early procedures such as lap-
aroscopic cholecystectomy, neither rigorous evalua-

tion nor prospective, randomized comparisons with
established “gold standards” of care were carried out.
By the early 1990s, general surgeons felt compelled
to offer their patients laparoscopic cholecystectomy
for fear of otherwise losing referrals for gallstone
disease. These social and market forces placed sur-
geons and their patients in an obviously precarious
situation. The neophyte laparoscopist would often
have to observe cases or seek training wherever and
however possible before undertaking these new pro-
cedures.

This new field of surgery did not emanate from
academic medical centers; initially the charge to
adopt new MIS techniques was led by private practi-
tioners in North America. Academic surgical centers
have essentially been playing “catch-up” for the past
decade. The ideal context in which MIS training
should occur is within a surgical residency. Yet often
residency training programs encounter the same dif-
ficulties in teaching new techniques (and establishing
competency) that are identified by practicing sur-
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geons. Despite the increasing move toward MIS pro-
cedures in surgical practice, no consistent model for
training the practicing surgeon in new MIS tech-
niques or for assessing competency has yet been de-
veloped.

 

2

 

The purpose of this study was to glean a consen-
sus from leading experts in MIS regarding which
procedures should be incorporated into residency
training and to determine the number of cases that
would be necessary to achieve competency in them.

 

METHODS

 

A questionnaire related to minimally invasive sur-
gery procedures (MISQ) was distributed to two sam-
ples. The first sample was drawn from a list of 48
surgeons at institutions known to have a program in
MIS and/or known as leaders in the field. Twenty-
five surgeons who returned their forms (52% return
rate) were included in the study. The second group
was a convenience sample of 14 individuals who at-
tended MIS workshops at the University of Ken-
tucky or who were volunteer residents and faculty.
The questionnaire used to collect data for the cur-
rent study was divided into three sections. The first
section required respondents to indicate the number
of minimally invasive laparoscopic cholecystectomies
and laparoscopic inguinal herniorrhaphies a surgical
resident must perform as the primary surgeon to be
fully competent in both. In the second section, re-
spondents were asked to indicate how many cases a
resident must perform as the primary surgeon to be
competent in other common procedures, given prior
competency in laparoscopic cholecystectomy and
laparoscopic inguinal herniorrhaphy. The third sec-
tion requested that surgeons indicate whether all
general surgeons should be able to perform the MIS
procedure (“Should it be a core MIS procedure?”).

Data regarding the average number of MIS proce-
dures actually performed by residents in 1998–1999
were also obtained from the Accreditation Council
for Graduate Medical Education (ACGME) 

 

Surgery
Resident Statistics Summary

 

 by the Residency Review
Committee (RRC) for Surgery.

 

3

 

 The statistics were
based on reports for 936 residents in 240 programs
nationally as of November 23, 1999. An updated ver-
sion (989 residents in 252 programs as of April 3,
2001) of the data matrix was downloaded from the
ACGME web site.

 

4

 

 Statistical analyses were com-
puted for both sets of data. A third set of data ob-
tained from a report published by the Millenium Re-
search Group provided estimates of the number of
MIS procedures done nationally by all surgeons for

1998–1999.

 

5

 

 Data for only five procedures (laparo-
scopic appendectomy, laparoscopic antireflux proce-
dures, laparoscopic cholecystectomy, laparoscopic
colon/intestinal resection, and laparoscopic inguinal
herniorrhaphies) were available to be used in our
comparisons.

Responses from experts were compared to those
from nonexpert surgeons to determine whether dif-
ferences would be so large as to preclude using all re-
plies from all respondents to characterize MIS pro-
cedures. Data regarding the number of MIS procedures
a resident needed to perform to be considered compe-
tent were compared for the two groups using 

 

t

 

 tests.
Similarly, the number of respondents in each group
who indicated whether a procedure should be core or
not was compared using 

 

�

 

2

 

 analysis. Because two re-
spondents made a “Yes” and a “No” response to a
MIS procedure, the ratings were designated as “Yes”
only for comparisons involving frequency.

Data from the RRC reported for both periods
were compared statistically to MISQ data using 

 

t

 

tests. Bonferroni corrections were made for all statis-
tical comparisons, using 50 as the number of vari-
ables compared for the entire study. This correction
adjusts the alpha level required for a 

 

P

 

 value to be
significant to reduce the probability that the finding
was a chance result because of the number of signifi-
cance tests that were calculated. Where statistical
significance was obtained after the Bonferroni cor-
rection, Cohen’s effect size was calculated for each
comparison to determine the “importance” of the
significant finding.

A one-way analysis of variance was used to deter-
mine if there were significant differences in the mean
number of times the various procedures needed to
be performed for competency. Although a within-
groups design would normally have been appropriate
to test the differences among the means, a between-
groups design was used instead. The impact of this
design change was to make our testing of the null hy-
pothesis more conservative; that is, we increased the
probability that we would accept the null hypothesis
when it was, in fact, false. The Games-Howell post
hoc test was used to identify the exact pattern of dif-
ferences among the means. This method was chosen
because it can be used with unequal numbers of sub-
jects and heterogeneous variances.

 

6

 

 Both of these
conditions were present in our data.

Single-group 

 

t

 

 tests for proportions were used to
determine if procedures were judged “core” by the
group as a whole.

 

7

 

 The proportion of MIS surgeons
designating a procedure as core was compared to a
hypothetical population mean of 0.5, the expected
mean if no consensus emerged. If the proportion was
significantly higher than 0.5, we considered it to be a
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core procedure. If the proportion was significantly
lower than 0.5, it was not considered core.

 

RESULTS
Experts vs. Nonexperts on the
MIS Questionnaire

 

Comparisons of both groups’ estimates of the
number of MIS procedures required for competency
yielded no significant differences after the Bonfer-
roni correction. Although not significant after the
correction, means (and standard errors of the mean)
for the two groups for laparoscopic inguinal hernior-
rhaphies were 42.8 

 

�

 

 4.1 and 25.7 

 

� 

 

3.5 (

 

t

 

 

 

�

 

 2.79,
df 

 

�

 

 37), respectively. Although estimates of the
number of procedures required to be competent in
laparoscopic cholecystectomy (n 

 

�

 

 200) and laparo-
scopic inguinal herniorrhaphies (n 

 

�

 

 100) made by
one expert might be considered outliers, we made no
adjustment. The means, standard errors of the mean,
and numbers responding for laparoscopic cholecys-
tectomy and laparoscopic inguinal herniorrhaphies
are displayed in Table 1. Data for the number of
procedures required for competency for the remain-
der of the procedures are also presented in Table 1.
Note that sample sizes varied because of missing
data. None of the 

 

�

 

2

 

 analyses resulted in significant
differences between the two groups regarding the
percentage of respondents indicating that the proce-
dure should be considered as core in training resi-
dents.

Because there were no significant differences in the
estimates of experts and nonexperts of the number of
times a procedure needed to be performed for compe-

 

tency, the two sets of estimates were combined in the
following analyses. A between-groups analysis of vari-
ance was performed to determine if there were overall
significant differences in the frequency with which the
various procedures needed to be performed to achieve
competency. Laparoscopic cholecystectomy and lap-
aroscopic inguinal herniorrhaphies were not included
in this analysis, because they were assumed to be the
first procedures to be learned and thus required a
steeper learning curve. The analysis of variance was sig-
nificant (F 

 

�

 

 12.90, df 

 

�

 

 10, 394; 

 

P

 

 

 

�

 

 0.0001). The
Games-Howell post hoc test was used to determine the
exact pattern of differences. The number of times the
various procedures needed to be performed could be
divided into three levels. The means needed for compe-
tency in the relatively high-frequency laparoscopic pro-
cedures are bariatric (33.2), colon (27.6), and antireflex
(24.0). Biliary (21.3), gastric (20.0), and adrenal (17.2)
are at the second level and need to be performed be-
tween 17 and 21 times for competency. The lowest
group includes spleen (14.8), anterior/incisional hernia
(12.9), gastrostomy/jejunostomy (10.8), diagnostic pro-
cedures (10.8), and appendectomy (10.6), which need to
be performed between 11 and 15 times for competency.

 

Experts vs. Residency Review Committee 
Procedure Report

 

Comparison of experts’ estimates of the number
of procedures a resident must perform to be compe-
tent with the actual number performed by residents
at programs reviewed by the RRC reached signifi-
cance for all 10 of the procedures listed for 1998–
1999.

 

3

 

 Nine of the 10 procedures reached signifi-

 

Table 1.

 

 Number of procedures as primary surgeon required for competency and number given competency at 
laparoscopic cholecystectomy and inguinal herniorrhaphy (mean 

 

�

 

 SEM)

 

Survey respondents

Procedures Experts N Nonexperts N All N

 

Laparoscopic inguinal herniorrhaphy (LIH) 42.8 

 

�

 

 4.1 25 25.7 

 

�

 

 3.5 14 36.7 

 

�

 

 1.6 39
Laparoscopic cholecystectomy (LC) 40.4 

 

� 

 

7.2 25 30.2 

 

�

 

 4.7 14 36.7 

 

�

 

 4.9 39
Given competency at LIH and LC

Laparoscopic bariatric surgery 35.3 

 

�

 

 6.6 19 29.5 

 

�

 

 4.5 11 33.2 

 

�

 

 4.4 30
Laparoscopic colon/intestinal resection 29.4 

 

�

 

 3.9 25 24.2 

 

�

 

 4.1 13 27.6 

 

�

 

 2.9 38
Laparoscopic antireflux procedures 26.2 

 

�

 

 2.4 25 19.6 

 

�

 

 4.0 13 23.9 

 

�

 

 2.1 38
Laparoscopic biliary surgery 22.5 

 

�

 

 3.4 24 19.0 

 

�

 

 2.4 12 21.3 

 

�

 

 2.4 36
Laparoscopic gastric surgery 19.4 

 

�

 

 2.3 24 21.3 

 

�

 

 3.5 12 20.0 

 

�

 

 1.9 36
Laparoscopic adrenalectomy 16.4 

 

�

 

 1.5 25 18.8 

 

�

 

 3.4 13 17.2 

 

�

 

 1.5 38
Laparoscopic splenectomy 15.0 

 

�

 

 1.5 25 14.4 

 

�

 

 2.0 13 14.8 

 

�

 

 1.2 38
Laparoscopic anterior/incisional hernia 13.0 

 

�

 

 1.4 25 12.7 

 

�

 

 2.5 12 12.9 

 

�

 

 1.2 37
Diagnostic laparoscopy 11.4 

 

�

 

 2.2 25 9.5 

 

�

 

 2.2 13 10.0 

 

�

 

 1.6 38
Laparoscopic appendectomy 11.2 

 

�

 

 0.9 25 9.4 

 

�

 

 1.6 13 10.6 

 

�

 

 0.8 38
Laparoscopic gastrostomy and jejunostomy 10.1 

 

�

 

 1.0 25 12.0 

 

�

 

 2.5 13 10.8 

 

�

 

 1.6 38
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cance for comparisons of the updated data reported
on April 4, 2001 for programs reporting in 1998–
1999.

 

4

 

 All differences that were significant (after the
Bonferroni correction) yielded large effect sizes as
labeled by Cohen. The single laparoscopic proce-
dure failing to reach significance in the 2001 RRC
report was for antireflux procedures.

 

4

 

 Note that in
all comparisons but one (laparoscopic cholecystec-
tomy), MIS experts indicated that residents needed
to complete significantly more laparoscopic proce-
dures than the RRC-reported residents were actually
doing for both reporting periods.

 

3,4

 

 In contrast, resi-
dents were performing almost twice as many laparo-
scopic cholecystectomies as experts thought were
required. The differences between what the MIS ex-
perts estimated as the minimum number required
and what residency programs reported to the RRC
in 1998–1999 are displayed in Table 2. Five proce-
dures, (laparoscopic bariatric surgery, laparoscopic
gastric surgery, laparoscopic adrenalectomy, laparo-
scopic splenectomy, and laparoscopic anterior/inci-
sional herniorrhaphy) included in the MISQ were
listed as having an average of one or fewer cases
across residency programs in the 2001 RRC report.

 

4

 

Experts vs. Procedures MIS Performed in
1998–1999

 

Searching for published data regarding the total
number of MIS procedures performed revealed only
one source. We have summarized the Millennium
Research Group estimates

 

5

 

 provided for laparoscopic
inguinal herniorrhaphy, laparoscopic cholecystectomy,
laparoscopic colon/intestinal resection, laparoscopic

appendectomy, and laparoscopic antireflux proce-
dures in Fig. 1. Note that although the data sets are
different in scale, comparing proportions within data
sets allows one to see the difference in relative mag-
nitude among the procedures.

In the MISQ, the MIS surgeons were also asked
to judge whether each of 11 procedures was core.
The proportion judging a procedure as core was
compared to a proportion of 0.5, the expected pro-
portion if no group consensus emerged. Seven of the
procedures (diagnostic laparoscopy, laparoscopic an-
tireflux procedures, laparoscopic appendectomy,
laparoscopic gastrostomy and jejunostomy, laparo-
scopic anterior/incisional herniorrhaphy, laparo-
scopic biliary surgery, and laparoscopic colon/intes-
tinal resection) were judged to be core (all 

 

P

 

 

 

�

 

 0.001),
laparoscopic bariatric surgery and laparoscopic ad-
renalectomy were considered not core (both 

 

P

 

 

 

�

 

0.01), and there was uncertainty about whether or
not laparoscopic splenectomy and laparoscopic gas-
tric surgery were core.

 

DISCUSSION

 

Competency, as Trunkey and Botney

 

8

 

 have pointed
out, is a concept that defies easy definition. For sur-
geons, in addition to varying degrees of medical knowl-
edge, judgment, and inductive reasoning, competency
requires visiospatial facility, manual dexterity and, of
course, experience. In an earlier study,

 

9

 

 we tested the
hypothesis that judgment was a critical feature of
competent surgical performance. Our data demon-
strated the need for clinical judgment in the perfor-

 

Table 2.

 

 Data for the number of procedures required for competency

 

Data sources

Procedures Experts N RRC N

 

Laparoscopic inguinal herniorrhaphy 42.8 

 

�

 

 4.1 25 7.6 

 

�

 

 0.3 989
Laparoscopic cholecystectomy 40.4 

 

�

 

 7.2 25 84.0 

 

�

 

 1.1 989
Laparoscopic bariatric surgery 35.3 

 

�

 

 6.6 19 0 989
Laparoscopic colon/intestinal resection 29.4 

 

�

 

 3.9 25 1.9 

 

�

 

 0.1 989
Laparoscopic antireflux procedures 26.2 

 

�

 

 2.4 25 8.5 

 

�

 

 0.3 989
Laparoscopic biliary surgery 22.5 

 

�

 

 3.4 24 0.9 

 

�

 

 0.1 989
Laparoscopic gastric surgery 19.4 

 

�

 

 2.3 24 0.1 

 

�

 

 0.0 989
Laparoscopic adrenalectomy 16.4 

 

�

 

 1.5 25 0 989
Laparoscopic splenectomy 15.0 

 

�

 

 1.5 25 1.0 

 

�

 

 0.0 989
Laparoscopic anterior/incisional hernia 13.0 

 

�

 

 1.4 25 0 989
Diagnostic laparoscopy 11.4 

 

�

 

 2.2 25 4.7 

 

�

 

 0.1 989
Laparoscopic appendectomy 11.2 

 

� 0.9 25 5.4 � 0.2 989
Laparoscopic gastrostomy and jejunostomy 10.1 � 1.0 25 1.4 � 0.1 989

Experts’ estimates of the number of procedures as primary surgeon required for competency for laparoscopic cholecystectomy and laparoscopic
inguinal herniorrhaphy and number of procedures as primary surgeon required for competency in laparoscopic cholecystectomy and laparo-
scopic inguinal herniorrhaphy versus number of procedures reported for all residency programs in the April 2001 RRC report.
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mance of laparoscopic skills. This fact may attenuate
the learning curve of a skill to a degree that could not
be predicted from the purely technical aspects of that
skill.9

Surgical experience is acquired by both direct and
indirect means. Of the many factors that contribute
to a surgeon’s experience, one that is easily quantifi-
able is the number of times a surgeon has performed
a particular procedure. Although case volumes do
not tell the whole story of a surgeon’s competency,
the American Board of Surgery uses this measure to
set minimum normative standards for defined cate-
gories of surgical procedures. These numbers are in
turn applied by the RRC in assessing surgical resi-
dency training programs for accreditation. Although
the ACGME has recently (1999) endorsed six addi-
tional areas of general competency deemed applica-
ble to all physicians, there are currently no univer-
sally accepted measures for any of these suggested
areas of competency.3 At present, in the surgical spe-
cialties the number of cases performed by a resident
is the most important and widely accepted measure
of competency.

A number of forces are currently pressuring the
health care training systems in the United States to
shift their objectives from being process oriented to
being outcome oriented. One force compelling this
change is the report from the Institute of Medicine10

on medical errors. In looking at a comprehensive
approach to reducing medical errors and improving
health care, the Institute states that no one change
will alter the pattern of nonresponsiveness of the
health care system. One of the key changes the Insti-

tute does address is “identifying and learning from
errors.”10 They recommend that “health professional
licensing bodies should implement periodic reexami-
nations and relicensing of doctors . . . based on both
competence and knowledge of safety practices . . .”10

The shift to training outcomes as a basis for accredi-
tation initiated by the ACGME in conjunction with
the American Board of Medical Specialties will have
direct consequences for MIS training programs. The
shifts from process to outcome also carries with it a
series of methods (an assessment “toolbox”) for eval-
uating the effectiveness of training in terms of resi-
dent performance. Typically, evaluation is character-
ized by one or more methods that will reliably and
validly yield scores that can be used to judge compe-
tency and provide sufficient objective information to
correct flawed performance by a resident.

IMPLICATIONS

Our data show little disagreement among the
experts as to the number of cases required for com-
petency (for the various procedures), or even a sig-
nificant difference between experts and nonex-
perts. On the other hand, the disparity between the
number of cases recommended by experts and the
actual national average number of those cases per-
formed through the course of a surgical resi-
dency3,4 is remarkable. Furthermore, the national
average number of cases per graduating surgeon is
one or less3,4 for four procedures (laparoscopic gastros-
tomy and jejunostomy, laparoscopic anterior/inci-

Fig. 1. Experts (N � 25) and Millennium Research Group (MRG) estimates of minimally invasive surgi-
cal procedures performed in 1998–1999.
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sional hernia, laparoscopic biliary surgery, and laparo-
scopic splenectomy) that MIS experts considered
core surgical residency procedures.

It might be argued that this “crisis in training” is a
fabrication by those proponents of MIS who over-
state the real world impact/growth of these proce-
dures. It is very difficult to access current data on the
number of laparoscopic procedures being performed
nationally or to establish what proportion of specific
procedures (e.g., colon resection) is performed lap-
aroscopically. The Millennium Research Group5 has
recently documented current case volumes and pro-
jected growth (positive or negative) of various MIS
procedures. The Millennium Research Group study
notes that cases of MIS are on the rise and that most
procedures, with the exception of laparoscopic in-
guinal herniorrhaphy, are projected to grow over the
next few years at annual rates varying from 3% to
15%.5 These procedures are clearly here to stay, as
evidenced by growing patient demand for them.
Therefore concerns for the limitations of surgical
residency training should not be confined solely to
those proponents of MIS.

To bridge the considerable chasm between the
recommended number of MIS cases and the actual
MIS training experience of graduating surgeons, cer-
tain challenges must be met. Given the call from
multiple sources for competent performance of phy-
sicians, we must ask how to maintain current training
quality while implementing broader training in MIS.
In response, bold steps need to be considered and
taken. There are several reasons why MIS experience
for surgical residents is lacking, particularly at aca-
demic medical centers. First, most academic surgical
departments across the country are still lagging be-
hind the (surgical) private practice community in
terms of embracing MIS procedures. Many academic
medical centers have only recently recognized the
need to establish centers or services in MIS. Second,
because attempts at reassigning existing faculty in
the hope of developing “homegrown” programs in
MIS have often met with failure, emphasis needs to
be placed on the recruitment of fellowship-trained
laparoscopic surgeons to help build MIS into surgi-
cal training programs. Third, support for the train-
ing of existing faculty in these new techniques is
needed.

Another challenge facing surgical training pro-
grams is integrating MIS into an already crowded
postgraduate curriculum. None of the demands for
training in open surgery have lessened. Because con-
version to open surgery is the solution of choice
when unanticipated intraoperative complications arise,
MIS training must be built on the traditional ground-
ing in open surgery. Even so, more time needs to be

reserved for early and repeated resident exposure to
MIS. This may occur on specialized services, or by
integrating (with appropriate faculty recruitment
and retraining) MIS procedures into established ser-
vices.

Added to the difficulty of integrating MIS into
resident rotations is the growing cost of training sur-
geons in the operating room. This expense (now es-
timated at $48,000.00 per graduating resident)11 in-
dicates that more training needs to move out of the
operating room. Fortunately, the acquisition of es-
sential laparoscopic skills can be facilitated by the use
of mechanical and computer-based simulators. Scott
et al.12 have demonstrated that the skills acquired by
practicing simple tasks in a laparoscopic trainer can
be transferred to the operating room. The experts in
this study indicated that a rather large number of
procedure-specific experiences are required for com-
petency; could this number be reduced if the skills
needed for MIS were sufficiently honed before the
resident entered the operating room? If the resident
spends enough time in practice to evidence an ade-
quate level of competency, moving from simulation
to an actual patient becomes an efficient and man-
ageable step. Consequently, residency programs will
need to allocate time for inanimate or skills labora-
tory training, as well as provide accessible equipment
within reasonable proximity to the operating room
and with extended hours of operation.

CONCLUSION

Clearly, the problem of training programs that do
not meet training needs is not confined to the field
of MIS. Although a full analysis of such problems
facing all surgical specialties is beyond the scope of
this report, it is hoped that some of the issues raised
and suggestions made to address the shortcomings of
training in MIS may also find application in other ar-
eas of surgical training. We felt the need to focus at-
tention on the inadequacy of resident training in
MIS because much is at stake for the general sur-
geon. The field of general/abdominal surgery has
evolved considerably over the past few years. Pa-
tients are increasingly “voting with their feet” for
minimally invasive procedures in the treatment of
gastrointestinal and other abdominal disorders. This
is the future of general surgery. If these procedures
continue to fall into the domain of the (relatively
few) fellowship-trained minimally invasive surgeons,
then general surgery faces the very real risk of “de-
volving” to gallbladder, hernia, and breast surgery
along with some miscellaneous procedures.

Current MIS training, as reported by American



Vol. 6, No. 3
2002 Deficits in MIS Resident Training 507

surgical residency programs, does not include all of
the MIS procedures that experts in the field consider
core to surgical residency training. For most core
procedures, residents do not carry out the number of
those procedures experts say are needed to achieve
competency, according to American surgical residency
program reports. The solution to this dilemma will be
multifaceted, but must include strategies for the re-
cruitment of fellowship-trained laparoscopic faculty
to academic medical centers and American surgical
residency programs, as well as early and repeated ex-
posure to MIS clinical rotations. More emphasis
must be placed on the acquisition of surgical skills
outside the operating room by the use of inanimate
simulators. Finally, surgical educators must be pre-
pared to explore and harness new technology (virtual
reality, imaging, haptics, the Internet, etc.) for the
future training of our surgical colleagues.
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Discussion
Dr. G. Branum (Harrisonburg, VA): I was won-

dering whether in the course of your study you were
able to gather any statistics from minimally invasive
fellowship programs and whether all of the fellow-
ship programs are meeting all of these levels in areas
of competency?

Dr. A. Park: That is an interesting question and
probably warrants a follow-up study. Although many
of the respondents, in fact, ran fellowship training
programs, our focus was solely on the resident train-
ing experience.

Dr. L.W. Way (San Francisco, CA): I have two
questions. First, if you exclude such things as bariatric
surgery and adrenalectomy (and maybe Heller myo-
tomy might be on that list) from the course of study
for general surgical training, then we really do not
have any formal training for those procedures. I think
that, in general, the profession accepts that training in
bariatric surgery is part of a general surgical education
today. So that creates a special problem of how you
are going to deal with the excluded group.

My second question concerns the problem of the
mismatch between the ultimate intended careers of the
learners and the pool of available teaching material.

We continue, in general surgery residency programs,
to train people, at the time they are chief residents, to
do things that they never intend to do in the future,
and we find that in this particular instance there is just
a shortage of training material. If we could resolve this
issue of mismatch, it seems to me that this might be
another way to approach this problem.

Dr. Park: I will respond to your second question
first. One of the points that we make in our article is
that lest you think that this is a shortage or crisis fab-
ricated by proponents of minimally invasive surgery,
we very diligently sought data that would help us de-
termine whether the training material—that is, the
clinical base or volume, if you will—was growing or
not, and whether this is a real or simply a contrived
problem.

Again, this is addressed in more detail in our re-
port, but one commissioned study that was published
last year looked at the growth rates of these various
procedures and, with the exception of one interest-
ingly, laparoscopic inguinal herniorrhaphy—which is
currently in the negative growth phase and is pro-
jected to remain so for the next year or two, every
other procedure is projected to grow from 3% to 15%
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per annum, including all of the procedures that we in-
cluded in our study, for the foreseeable future. So I
think we are focusing on areas where there is patient
demand and clinical need.

Dr. M.T. Dayton (Salt Lake City, UT): I do not
think the phenomenon you have described here is
limited to minimally invasive surgery. For example,
if you take into consideration “open” surgical cases,
such as thoracic procedures, ENT procedures, and
maybe some of the more complicated biliary and he-
patic cases, many of the residents in our programs
finish their training without performing an adequate
number of operations to really be described as com-
petent. So this is really not a phenomenon that is
limited to the domain of minimally invasive surgery.

Dr. Park: This could apply to other areas as well.
Obviously, again, we focused specifically on mini-
mally invasive surgery. This is a specified field with a
much shorter history that has brought our attention
to the problem. But certainly this could apply on a
broader basis.

Dr. C. Pellegrini (Seattle, WA): I believe the an-
swer is simple. If you want to be practical today in
the United States, you will have to either close a
number of residency programs and just use a few that
will have a sufficiently high volume to accomplish
the things that you plan or it will be necessary to
simply extend the training of a surgeon, as is done in
Europe, for 10 years or 20 years, neither of which so-
ciety in this country would be willing to do. So if you
want to be practical, you would have to stay with the
numbers that we have right now. That is my per-
sonal opinion. I am not speaking for the Accredita-
tion Council for Graduate Medical Education.

But my question is, were these surgeons in-
structed as to what might be an outcome to look for
when they decided that the number of cases should
be 30 and not 15 or 20? Was it when time plateaus or
when complications plateau? Why did they decide
that this was the number of operations that a person
needed to be trained? Second, did you ask them what
the number of operations per year might be that a
surgeon might have to perform throughout his or
her career in order to remain competent? As to the
American Board of Medical Specialties part of the
outcomes projects that you alluded to, this board
requires that for recertification purposes or mainte-
nance of certification, a person will have to meet
these criteria. It is a remarkable comparison if, as you
stated today, 30 colectomies would be required com-
pared to the number that is currently required for re-
certification, which is eight.

Dr. Park: No, we did not ask about the ongoing
process. That is a good point. The respondents to
our survey were not asked to elaborate upon the rea-

sons they determined a particular “number of cases”
conferred competency for a specific procedure. The
number may have reflected a time or complications
plateau but more likely was a global assessment or
rating.

Dr. Pellegrini: How about maintenance?
Dr. Park: No, we did not look at that either.

Again, we focused, just as in a snapshot, on the sub-
ject of residency training.

Dr. L. Rikkers (Madison, WI): My comment is
along the line of Dr. Dayton’s in that with index
cases that are used in surgery, including laparoscopic
surgery, there are not enough cases nationwide to
train everyone who is being trained. So that is a
problem we need to address.

There is another element to this, however, and
that is the transference of skills. For example, if a
surgeon has the opportunity during training to per-
form 20 major liver resections but happens not to
encounter any proximal bile duct cancers, he or she
is going to be able to learn how to handle a proximal
bile duct cancer much better if he or she has a broad
experience in liver resection.

I would ask you, how about this transference as it
relates to the field of laparoscopy? For example, if
you are in a program that is very rich because there is
a large hematology unit on the medical side in doing
elective laparoscopic splenectomies, do trainees who
learn how to perform that operation well need as
many cases to learn how to perform a laparoscopic
adrenalectomy after they become proficient in lap-
aroscopic splenectomies? I think that is the addi-
tional factor of how skills are transferred from one
procedure to another or how persons are able to
learn another procedure quite easily if they have per-
formed a procedure that is fairly similar a number of
other times.

Dr. Park: The purpose of this study was to
present a “snapshot view” and to basically raise issues
that would instigate discussion. The issue of transfer
of training is a very important one, and we have ad-
dressed in the manuscript not only transferring skills
from laparoscopic splenectomy to adrenalectomy,
but we believe increasingly that skills can be acquired
(transferred from) outside the operating room. There
are several centers across the country and efforts at
uniting focus across the country right now on the de-
velopment of some of these psychomotor skills, spe-
cifically in this area, such that the number of proce-
dures that need to be performed in the operating
room can drop precipitously from 30 colectomies
down to a much more manageable number. So we
agree very definitely that there is opportunity for
transfer, not just from other techniques but from
nonoperative training experiences.
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Dr. B.D. Schirmer (Charlottesville, VA): I have a
comment and then another question, both of which
echo points made by Dr. Rikkers. The comment I
want to make is that I do not think we should be such
alarmists about this situation; if you look at the num-
bers reported by the RRC 5 years ago, the mean
number of Nissen procedures being done was one
and the hernia repairs was down around one or two.
So within 5 years we have increased those numbers
significantly. Thus, I think it is very clear that the
problem is that we as faculty at institutions where
residents are being taught are just not seeing as many
cases, and if we were seeing more of these cases, we
would have the residents performing more opera-
tions. So I think we are making some improvements,
but clearly it is a very slow process.

My second question again echoes the question of
whether you asked the experts if they had a number of
advanced cases as an aggregate. In other words, I per-

sonally believe that if residents are taught to perform
15 or 20 Nissen procedures, then they can go on and
perform a laparoscopic gastric resection much more
easily, and, similarly, if they can do a colectomy, then
they can probably do a Nissen fundoplication without
much difficulty because of the skills they have ac-
quired. Did you have any sort of survey question
where you asked about the minimum number of ad-
vanced cases to indicate advanced skills?

Dr. Park: The survey contained a question re-
garding the number of cases required to establish
competency in basic procedures i.e., laparoscopic
cholecstectomy and laparoscopic inguinal hernior-
rhaphy. Once these competencies were assumed the
respondent then indicated how many cases of other
procedures were needed. So each procedure was
then taken as an isolated case once a basic level of
training had been established.
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Dr. Kenneth W. Warren

 

N. Tjarda van Heek, M.D., Kenneth W. Warren Surgical Research Fellow

 

Most readers will remember Dr. Kenneth W.
Warren as an internationally recognized surgeon ask-
ing critical questions at one of the gastrointestinal or
pancreatic cancer meetings he loved to attend. His
colleagues called him “the complete surgeon” since he
combined a high degree of professional skill with per-
sonal concern for each patient. He always set goals for
himself, the last of which was to launch the Kenneth
W. Warren Surgical Research Fellowship. The week
before he passed away on November 15, 2001, he in-
sisted on meeting the first Warren Research Fellow. I
am honored and fortunate to be that person, and I
would like to share some of the last thoughts and re-
marks of this wonderful man with you.

At age 90 years, Dr. Warren was admitted to the
New England Baptist Hospital where he had been
Surgeon-in-Chief from 1969 to 1976, and a trustee
since then. Although we had never met, he set me at
ease at once with his warm-hearted personality. He
was very alert in a sparkling way, and his stories
about life were fascinating.

After I brought in his newspaper each morning
and read the sport scores to him, Dr. Warren would
sooner or later switch to his favorite topic: surgery.
He told me amazing stories of patients and remem-
bered names and details of their surgery, many of
which were performed before I was born.

“Surgery is not difficult, nor scary, it is FUN.”
“Do you know how to prevent leakage from the pan-

creatic duct?” . . . he would order paper napkins and
sutures, and demonstrate the perfect anastomosis.
“The most common errors in the surgical treatment
of acute pancreatitis are to operate too early in the
course of the disease, and to do too much, or in the
secondary or septic phase of the disease to operate
too late and to do too little” (

 

Surgical Clinics of North
America

 

, June 1964). Many of his surgical convic-
tions he would express in a quotation.

–

 

Every now and then he would take a nip of ginger ale–

 

Dr. Warren was fascinated by the anatomy of the
peritoneum and was convinced that knowledge of the
embryology of cleavage planes is the hallmark of a ca-
pable gastrointestinal surgeon. “Practice of gentleness
to tissues is more important than the preaching.”
“But,”—a word often used by Dr. Warren, in a faint
Southern accent— “the technique of an operation
should be regarded as only a small part of the total
care of a patient. My primary professional goal has al-
ways been: to get sick people well, and when that has
proven impossible, to add to their comfort until the
end.” “Tjarda, travel the road together with your pa-
tients, don’t be afraid of becoming friends with them,
as long as you are in charge.”

–

 

nip of ginger ale–

 

“Could you fix my glasses, please, let’s see how your
surgical skills are.”

 

From the Department of Surgery and Pathology (N.T.V.H.), Academic Medical Center Amsterdam, Amsterdam, The Netherlands; and the
Department of Pathology (N.T.V.H.), The Johns Hopkins Medical Institutions, Baltimore, Maryland.
Reprint requests: N.T. van Heek, M.D., c/o Dr. John L. Cameron, 720 Rutland Avenue, 759 Ross Building, Baltimore, MD 21205.

Dr. Kenneth W. Warren meets the first Warren Surgical Fellow.
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Witnessing all the different people dropping by
his room, I could tell that no one had been beneath
his recognition. As a former trainee of Dr. Warren
said, “He showed all people dignity and respect,
not only as a physician, but that was the person he
truly was.”

Each nurse who walked in and out in the days I
spent with him, he called his favorite. He made up
for his occasional grumbling by showing them a big
smile and making jokes. Humor was obviously very
important to him, and he believed we should criticize
our own behavior every day.

He encouraged me to pursue my pancreatic cancer
research. “Early diagnosis and treatment is the key.”
He explained to me his belief in the obligation of
physicians and surgeons to expand the frontiers of
their field. “Young surgeons, like you, will open the
doors of the future. Be skeptical, you should remem-
ber the immortal words of Alexander Pope, ‘Be not
the first by whom the new is tried, nor yet the last to
lay the old aside’.”

–

 

nip of ginger ale

 

–

“It disappoints me that you don’t know anything
about baseball. You Dutch only talk about soccer.
You should be celebrating that the Yankees lost.”

Sometimes he revealed a glimpse of his persistent
character. He insisted on organizing a luncheon for
me with the hospital staff in the boardroom that car-
ries his name. He got himself into a wheelchair that
day and gave a fabulous and funny speech, as he ob-
viously had done many times during his life.

At the end of our four days together, he gave me
his favorite book, “Embryology of the Peritonaeum”
from 1892, his favorite pair of scissors, and a big hug.
No words of goodbye were allowed, he continued
reading his newspaper.

Dr. Kenneth Warren touched my professional
and personal life, as he touched many others. I will
cherish those days with him and continue my Fel-
lowship in pancreatic cancer research at The Johns
Hopkins Medical Institutions in his remembrance.
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Investigators’ Responsibilities and Rights

 

Based on recent reports,

 

1–9

 

 there are increasing
concerns about the control of the scientific data ob-
tained from clinical trials sponsored by industry. Many
of the problems encountered are the result of restric-
tions contained in the research contracts that partici-
pating investigators are asked to sign. A number of
solutions have been suggested to ensure the integrity
of clinical trials, including the establishment of appro-
priately constituted trial oversight committees, negoti-
ating noninterference pledges from industry sponsors,
and creating proactive support of investigators’ rights
by organized medicine.

 

10

 

As surgical journal editors, we stand opposed to in-
appropriately restrictive contractual agreements gov-
erning company-sponsored clinical trials of devices or
drugs, such as those containing clauses that deny the
investigators proper control over the scientific aspects
of the trial or restrict access to the data and its timely
publication. We believe that responsibility for the sci-
entific data from clinical trials and their analysis, in-
terpretation, and publication should rest in the hands
of the investigators. In multicenter trials, a duly ap-
pointed constituted publications committee can, and
usually should, carry out these responsibilities.

Recently, the editors of 13 medical journals also
published their opposition to inappropriately restric-
tive research contracts, insisting that investigators be
given and assume adequate responsibility for the con-
duct of a clinical trial, have sufficient access to the
data to perform the necessary analyses, and have con-
trol over the decision to publish. The editors further
stated that they will “routinely require authors to sign
a statement indicating that he or she accepts full re-
sponsibility for the conduct of the trial, had access to
the data, and controlled the decision to publish,” and
“will not review or publish articles based on studies
that are conducted under conditions that allow the
sponsor to have sole control of the data or to with-
hold publication.”

 

11

 

Editors may choose not to publish an article if the
sponsor had control over the trial design, data analy-
sis, and/or publication. These requirements for pub-
lication ethics were adopted as policy on May 11,
2001, and will be included in the next publication of
the 

 

Uniform Requirements for Manuscripts Submitted to
Biomedical Journals

 

—a document to which we are all
signatories. The revised section on “Potential Conflicts
of Interest Related to Project Support” is quoted here.

Increasingly, biomedical studies receive funding
from commercial firms, private foundations, and

government. The conditions of this funding have
the potential to bias and otherwise discredit the re-
search.

Scientists have an ethical obligation to submit
creditable research results for publication. As the
persons directly responsible for their work, research-
ers therefore should not enter into agreements that
interfere with their access to the data or their ability
to analyze the data independently, to prepare manu-
scripts, and to publish them. Authors should de-
scribe the role of the study sponsor(s), if any, in
study design; in the collection, analysis, and inter-
pretation of data; in the writing of the report; and
in the decision to submit the report for publica-
tion. If the supporting source had no such involve-
ment, the authors should so state. Biases potentially
introduced when sponsors are directly involved in
research are analogous to methodological biases of
other sorts; some journals therefore choose to in-
clude information about the sponsor’s involvement
in the methods section of the published paper.

If a study is funded by an agency with a propri-
etary or financial interest in the outcome, editors
may ask authors to sign a statement such as, “I had
full access to all of the data in this study and I take
complete responsibility for the integrity of the
data and the accuracy of the data analysis.” Editors
should be encouraged to review copies of the proto-
col and/or contracts associated with project-specific
studies before accepting such studies for publica-
tion. Editors may choose not to consider an article
if a sponsor has asserted control over the authors’
right to publish.

We, the undersigned surgical journal editors, sup-
port these revised guidelines and, as appropriate, will
request authors of reports on clinical or basic research
trials of devices and drugs to disclose details of the rel-
ative roles of the investigators and the sponsors in the
conduct of the trial, the data collection and analysis,
and preparation of the submitted manuscript. We
may also ask the responsible author to sign a state-
ment that he or she accepts full responsibility for the
conduct of the trial, the validity of the data and its
analysis, and the writing of the submitted manuscript.
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Southwestern Center for Minimally Invasive Surgery

 

(SCMIS): Laparoscopic Bariatric Surgery,

 

 June 21–22,
2002; September 27–28, 2002; The University of Texas
Southwestern Medical Center at Dallas. Fees: physicians
$300 (lecture only), $1050 (lecture and lab); UTSW and SC-
MIS Alumni $250 (lecture only), $950 (lecture and lab);
nurse $175 (lecture only); $375 (lecture and lab). For further
information contact: Jennifer Leedy, UT Southwestern
Medical Center, 5323 Harry Hines Blvd., Dallas, TX 75390-
9059. Phone: 214-648-3792; fax: 214-648-2317; e-mail:
jennifer.leedy@utsouthwestern.edu

 

Southwestern Center for Minimally Invasive Sur-
gery (SCMIS): Laparoscopic Bariatric Surgery Mini
Fellowship Program,

 

 August 25–30, 2002; November

 

3–8, 2002; The University of Texas Southwestern

 

Medical Center at Dallas. Fees: $10,000 (team of 2
physicians and 1 nurse); $5000 (physician); $1000
(nurse). For further information contact: Jennifer
Leedy, UT Southwestern Medical Center, 5323 Harry
Hines Blvd., Dallas, TX 75390-9059. Phone: 214-648-

 

3792; fax: 214-648-2317; e-mail: jennifer.leedy@
utsouthwestern.edu

 

AHPBA ANNOUNCEMENTS

November 2002:

 

 AASLD/AHPBA Surgical Forum,
Boston, MA, November 1–5, 2002. This will be a
liver-based program. Visit AHPBA.org for more in-
formation.

 

February 2003:

 

 5th AASLD Biannual “Americas”
Meeting, February 27–March 2, 2003. This will
again be held at the Eden Roc Hotel in Miami, FL.

 

Announcements

 

The first day will be a postgraduate course chaired
by C. Wright Pinson. Make this one with the family!
Visit AHPBA.org for more information.

 

May 2004:

 

 6th World Congress IHPBA Biannual
Meeting, Washington, DC, May 27–June 2, 2004.
The AHPBA hosts the IHPBA.


